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Marginal lacustrine carbonates of the Green River Formation are well exposed in the 
eastern Uinta basin, where they are interbedded with fluvial and marginal lacustrine sand and 
shale of the Douglas Creek Member. This study examines the stratigraphic architecture, 
lithofacies, and chemostratigraphy of the microbialite and other associated carbonate beds of the 
Green River Formation at White Face Butte and adjoining Park Canyon sites, in the eastern 
Uinta basin, Colorado and Utah. Field observations along a 255 m vertical section at the White 
Face Butte location, measured by Tänavsuu-Milkeviciene et al., (2017), have led to the 
identification of two main facies associations within the carbonate units: Lacustrine Margin 
Carbonates, and Lacustrine Microbial Carbonates. These are consistent with earlier work done 
by Swierenga et al., (2015) and Sarg et al., (2013) on similar beds in the surrounding area within 
the Uinta basin and Piceance basin respectively. 
This study characterizes the vertical and local lateral variability of the carbonate units within 
a full section of the Green River Formation in eastern Uinta basin. Multiple scales of carbonate 
cyclicity are observed through this study, indicated by positive and negative excursions of δ18O 
and δ13C stable isotopes correlated to characteristic microbial facies. Large scale trends, on the 
order of 10’s to 100’s of meters, are observed in the study relating microbialite lithofacies along 
with δ18O and δ13C stable isotopes to lake stage evolution developed by Tänavsuu-Milkeviciene 
& Sarg, (2012).  
Lake stage 1 (fresh to mesosaline) corresponds to initial sparse microbialite deposition, with 
low microbialite diversity and relatively light δ18O and δ13C isotopic values; indicating initial 
fresh water conditions and relatively low paleo organic productivity. Lake stage 2 (transitional 
lake) corresponds to moderate microbialite diversity, larger biostromal and biohermal build ups, 
and slightly heavier δ18O and δ13C isotopic values; indicating more saline conditions and higher 
paleo organic productivity in the lake. Lake stage 3 (highly fluctuating lake) contains the highest 
microbialite diversity and marks the interval of heaviest δ18O and δ13C isotopic values; indicating 
high paleo organic productivity and the most lake restriction and salinity conditions recorded in 
this study. Lake stage 4 (rising lake) contains the last microbialite deposits observed in the Green 
River Formation in the Uinta basin, and marks the lowest microbialite diversity and a reversal in 
trend of δ18O and δ13C isotopic values; indicating freshening conditions and a decrease in paleo 
organic productivity. 
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CHAPTER 1: INTRODUCTION 
The Uinta basin is one of three intermountain basins that were filled with fluvio-
lacustrine successions during the Early Eocene (Figure 1.1). All three basins contain marginal 
lacustrine carbonate units, portraying a wide variety of microbial and non-microbial carbonates 
that display distinct cycles in the lakes’ evolution through time. Stratigraphic cycles have been 
observed and documented in the Greater Green River basin (Buchheim and Surdam 1977; 
Roehler, 1993; Leggitt and Cushman 2001; Frantz et al., 2014) in the Piceance basin (Cole 1985; 
Sarg et al., 2012; Sarg et al., 2013; Seard et al., 2013) and in the Uinta basin (Swierenga et al., 
2015).  
1.1 Scientific Objectives 
The objectives of this study are to document the vertical and horizontal variation in the 
microbial deposits, and associated marginal lacustrine carbonates, of the Green River Formation 
at two outcrop locations in eastern Utah: White Face Butte, and Park Canyon (Figure 1.1). The 
study also compares carbonate bed cyclicity within the Green River Formation in the Uinta basin 
to the previously documented history in the Piceance basin by utilizing: 1) the excellent outcrops 
of the Green River Formation in eastern Uinta basin; 2) Polished slab samples and petrographic 
thin section samples to document the microfabrics and mineralogy of the carbonate beds; and 3) 
stable isotopes to interpret lake conditions at the time of deposition, including lake chemistry and 
salinity variations through time. 
This study also relates local observations from the above methods to the overall history of 
Lake Uinta, using the larger stratigraphic framework developed by Tänavsuu-Milkeviciene & 
Sarg, (2012), and depositional cyclicty observed by Tänavsuu-Milkeviciene et al., (2017). The 
vertical distribution of the microbial deposits shows an overall deepening trend at the White Face 
Butte and Park Canyon field locations. These observations are consistent with a parallel study 
that was completed through a similar section of the Green River Formation in the Piceance basin 
by Sarg et al., (2013). 
Three scientific questions were posed at the beginning of this research in the form of 
hypotheses, and were all tested using the content of this research. Hypothesis 1: overall 
microbialite deposits reflect chemostratigraphic evolution of the paleo lake. Hypothesis 2: meter 
to several meter scale microbialite bed sets display distinct depositional trends. Hypothesis 3: 
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millimeter to centimeter scale microbialite microtextures reflect changes in paleo lake water 
chemistry. Throughout the investigation of this study, we found that the first two hypotheses 
stood, while the third hypothesis did not.  
1.2 Research Motivation 
The lacustrine microbial carbonates of the Green River Formation serve as a window to 
earth’s past climate history. The Green River Formation records the Early Eocene Climatic 
Optimum (EECO), which records a period of time when the earth’s climate was undergoing 
rapid changes resulting in high levels of atmospheric CO2 recorded in the rocks. Providing an 
analog for current climate change research (Frantz et al., 2014).  
The work done in this study paves the way for future studies to better characterize the 
microbialite deposits of the Green River Formation as a whole. By providing a comprehensive 
analysis of the lithostratigraphic and chemostratigraphic evolution throughout the lake system, as 
well as microbialite texture classification, this study will allow for detailed correlation and 
comparison to the other three basins containing similar microbialite deposits; i.e. Piceance, 
Washakie and Green River basins.  
Furthermore, lacustrine microbial carbonates of the Green River Formation serve as a 
direct analog to the hydrocarbon rich reservoirs of the lower Cretaceous lacustrine microbialites 
of the Campos and Santos basins in Brazil. Reservoir distribution and connectivity can play a 
major role in the economic viability of microbialite reservoirs. This study provides a predictive 
depositional model for lacustrine microbial carbonates by examining the lateral and vertical 
lithostratigraphic architecture and depositional patterns. The depositional model can be applied 
in hydrocarbon exploration and production projects in order to reduce exploration risk, and 
increase hydrocarbon extraction productivity. 
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Figure 1-1: Field area location on the margin of eastern Uinta basin along the Utah-Colorado border. A) Base map indicating the 
field location in northeastern Utah; adopted from Swierenga et al., 2015. B) Google earth image of both field locations: White 
Face Butte (WFB) outcrop that is located near the corner of the intersection of Dragon road and county road 109. Park Canyon 
(PC) outcrop, located roughly 8 miles NNW of White Face Butte. Red lines represent the traverses taken for field sample 




CHAPTER 2: PREVIOUS WORK 
The organic rich oil shale of the Green River Formation has been the subject of extensive 
study in literature. These deposits have been studied by authors such as Tissot et al., (1978), who 
developed a geochemical model to understand the crude oil generation, organic richness, and 
hydrocarbon maturity of the Green River Formation in the Uinta basin. Crude oil in the basin has 
a paraffinic character, with API values in the range of 25-480, and is predominantly produced 
from the lake interval that occurs below the Mahogany oil shale and above the fluvial 
successions of the Wasatch Formation (Tissot et al., 1978).  
Most early authors have focused on basin centered carbonates, which have received a 
significant amount of research interest throughout the Green River basins (Bradley and Eugster, 
1963; Lundell and Surdam, 1975; Desborough, 1978; Moncur and Surdam, 1980; Johnson, 1981; 
Boyer, 1982; Cole, 1985; Smith and others, 2008; Tänavsuu-Milkeviciene and Sarg, 2012). 
However; little work has been published on lacustrine carbonates that outcrop along the lake 
margins in all three basins. Studies such as Sarg et al., (2013) and Seard et al., (2013) describe 
lake margin carbonates in both the Piceance basin in Colorado, and the Greater Green River 
basin in Wyoming, respectively. Furthermore, Swierenga et al., (2015) have also performed 
detailed field descriptions on lake margin carbonates in the upper Green River Formation in the 
Uinta basin. Frantz et al., (2014) have published a detailed geochemical study within the Anvil 
Point Member microbialites in the Greater Green River basin in Wyoming; showing small scale 
fluctuations in the lake chemistry. However; detailed work on microbial and non-microbial 
carbonates depositional stacking through the entire Green River Formation in the Uinta basin 
remains undocumented.  
Other recent authors such as Johnson et al., (2010) investigated the oil shale deposits 
across the Piceance basin and estimated about 1.5 trillion barrels of oil equivalent in place exists 
within that basin alone. These authors conducted a comprehensive study of the resources and 
associated geologic setting of the Green River Formation. Tänavsuu-Milkeviciene et al., (2012) 
and Tänavsuu-Milkeviciene & Sarg, (2012) also conducted detailed studies of the Green River 
Formation in the Piceance basin based on field observations, well logs, and core samples. The 
authors defined a six-stage lake system that describes the evolution of the Green River Formation 
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in the Piceance basin: i) fresh lake; ii) transitional lake; iii) highly fluctuating lake; iv) rising 
lake; v) high lake; and vi) closing lake (Tänavsuu-Milkeviciene & Sarg, 2012).  
Lake stages reflect the stratigraphic evolution of the lake system through time, based on 
large-scale trends driven by climate and tectonics. The Early Eocene Climate Optimum (EECO), 
the warmest period of time from 50 to 53 Ma in the Cenozoic Era (Zachos et al., 2008), is 
reflected in the lake stages (Figure 2.1). The freshwater lake of stage 1 occurred before the 
optimum. Stage 2 was during the initiation of the climate optimum represented by an alkaline 
and restricted lake, which is termed transitional lake. The highly fluctuating lake of stage 3 is 
representative of rapid climate changes at the peak of the climate optimum. After the Eocene 
Climate Optimum came to an end, a rising and high lake event occurred as stages 4 and 5, during 
a time when the climate transitioned into a more humid one. Finally, stage 6 occurred as the lake 
was closing due to an increased siliciclastic input from the north, indicating tectonic influence 
coupled with a changing climate (Tänavsuu-Milkeviciene & Sarg, 2012).  
Detailed lithofacies descriptions within the Piceance basin have led to the interpretation 
of depositional cycles observed throughout the Green River Formation (Tänavsuu-Milkeviciene 
and Sarg, 2015). Tänavsuu-Milkeviciene et al., (2017) applied these cycles to the Uinta basin, 
and concluded a climatic control on the depositional cyclicity within both basins. Eccentricity 
cycles are interpreted to represent these shorter scale cycles within Lake Uinta in both basins. 
This scale of cyclicity is interpreted to represent Milankovitch-scale cycles as well as monsoonal 
precipitation (Tänavsuu-Milkeviciene et al., 2017). 
The terminology from Bohacs et al., (2000) has also been applied to the lakes of the 
Green River Formation by Smith et al., 2008. The early stages of Lake Uinta are marked by an 
overfilled succession which quickly transitions into a balanced filled during stage 1 of 
deposition. As the lake transitions into stage 2 and 3, it is characterized as an underfilled lake, 
and returns to a balanced fill in stages 4 and 5. The lake type then becomes overfilled during the 




Figure 2-1: Eocene Climate Curve: Center- Lake stages of the Green River Formation along with a stratigraphic column; Right- 
Interpreted lake types by Johnson 1985 and Smith 2008. Figure adapted from Tänavsuu-Milkeviciene & Sarg, 2012. 
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CHAPTER 3: GEOLOGIC BACKGROUND 
3.1 Tectonic Setting 
Lacustrine deposits of the Green River Formation extend across four intermountain 
basins in the western United States. The northern Green River Formation extended over parts of 
southern Wyoming, forming the Green River and Washakie basins, separated by the Rock 
Springs uplift. These two basins combine to form the larger and more connected Greater Green 
River basin, called paleo-Lake Gosiute. Further south, the Green River Formation was deposited 
in the Piceance basin and the Uinta basin, called paleo- Lake Uinta, and separated by the 
Douglas Creek Arch. These basins extend across northwestern Colorado and northeastern Utah, 
respectively (Surdam & Stanley, 1980; Dickinson et al., 1988; Davis et al., 2008, 2009; Smith et 
al., 2008; Tänavsuu-Milkeviciene and Sarg, 2012). 
World-class organic rich oil shale deposits of the Green River Formation have been 
documented across all three basins (Bradley, 1931; Cole & Picard, 1978; Dyni & Hawkins, 
1981; Katz 1988; Pitman 1996; Hasiotis & Honey, 2000; Smith et al., 2008; Johnson et al., 
2010). They have been described as open lacustrine deposits with very high TOC values. Their 
depositional settings have been interpreted as fresh to alkaline, and during a time period where 
the earth’s climate was warm and humid, which corresponds to rising and high lake levels 
(Sewall & Sloan, 2006; Clementz & Sewall, 2011; Tänavsuu-Milkeviciene and Sarg, 2012). 
The Uinta basin is one of four intermountain basins that were initiated and terminated by 
tectonic events, and are filled with fluvio-lacustrine successions affected by climate change 
(Carroll et al., 2006; Bohacs et al., 2007; Davis et al., 2008, 2009; Chetel et al., 2011) during the 
Early Eocene over a time period of seven million years approximately between 53 and 48 Ma 
(Smith et al., 2008, 2010). The basins formed as a result of crustal shortening during the 
Laramide Orogeny. The onset of Laramide tectonism was marked by the breakup of the 
preceding Cretaceous foreland basin that hosted widespread marine deposition. Basement cored 
uplifts created isolated basins that were sedimentologically isolated (Dickinson et al., 1988). The 
Uinta, Piceance Creek, and Greater Green River basins were all part of Laramide sedimentary 
basins that were formed between the thin skinned Sevier Orogeny to the west, and Laramide 
uplift to the east. Laramide basins occur as far south as New Mexico, and the northernmost 
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associated basin occurs in the Powder River basin of Montana (Dickinson et al., 1988; Smith et 
al., 2008).  
The four basins containing the Green River Formation are classified by Dickinson et al., 
(1988) as ponded basins. These are characterized as occurring closer to the Sevier thrust belt than 
the other Laramide basins, and are also distinctive regional drainage traps; forming widespread 
fresh to saline lakes. These lakes are bounded and contained by basement-cored uplifts that also 
contributed to sediment input into the basins (Dickinson et al., 1988).  
The Uinta basin is surrounded by a series of basement-cored uplifts that were created as 
part of the Laramide Orogeny (Dickinson et al., 1988). Figure 1.1 shows the uplifts surrounding 
the Uinta basin, which is bound on the east by the Douglas Creek Arch uplift, to the south by the 
San Rafael uplift, to the north by the Uinta uplift, and to the west by the frontal flank of the 
Sevier Orogenic thrust belt. The basin has an asymmetric geometry, with a steep northern flank 
containing the thickest accumulations of sediment, more than 4 km of sediment. Accumulation 
thickness tapers to the south, where a broad lacustrine ramp forms the dominant sedimentary 
architecture. This setting paved the way for deposition of marginal lacustrine carbonates 
including microbialite deposits (Fouch et al., 1994; Keighley et al., 2002; Schomacker et al., 
2010). 
Deposits around the Uinta basin vary substantially due to the tectonic influence and 
hydrologic state of the area (Schomacker et al., 2010). In the north, the thick deposits are 
dominated by alluvial fan facies (e.g. Picard and High, 1972; Castle 1990; Borer & McPherson 
1998) while the southern, eastern, and western flanks of the basin are dominated by fluvial and 
deltaic deposits (e.g. Ryder et al., 1976; Remy 1991; Keighley et al., 2002; Schomacker et al., 
2010). The center of the basin is dominated by finer-grained lacustrine facies. Paleo lake depths 
are estimated to have been 30 m in the central part of the Uinta basin (e.g. Ryder et al., 1976; 
Castle, 1990; Schomacker et al., 2010).   
 Fluvio-lacustrine deposition within the Uinta, Piceance Creek, and Greater Green River 
basins were initiated and terminated by the tectonic elements combined with a varying climate 
(Carroll et al., 2006; Bohacs et al., 2007; Davis et al., 2008, 2009; Chetel et al., 2011; Tänavsuu-
Milkeviciene & Sarg, 2012). Episodic lacustrine deposits occur throughout all three basins, 
which developed independently from one another. However, there were times where all three 
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lakes connected forming a vast lake that covered most of all three basins (Surdam & Stanley, 
1980; Davis et al., 2008, 2009; Smith et al., 2008).  
The Uinta basin paleo lakes were separated from Piceance basin paleo lakes by the 
Douglas Creek Arch. Similarly, the Uinta and Piceance basins were separated from the Greater 
Green River basin to the north by the Uinta uplift and the Axial Arch. During times when lake 
levels were high, Lake Uinta spread across from the Uinta basin covering the Douglas Creek 
Arch and into the Piceance basin. This lake also connected to the north with the Greater Green 
River basin lake, called Lake Gosiute (Smith et al., 2008; Davis et al., 2008, 2009; Tänavsuu-
Milkeviciene & Sarg, 2012).  
3.2 Stratigraphic Setting 
In Utah and Colorado, deposition of the Green River Formation during the Early Eocene 
occurred in two separate but contemporaneous lakes, the Uinta and Piceance Creek (Surdam & 
Stanley, 1980; Davis et al., 2008, 2009; Smith et al., 2008). These lake systems later connected, 
stretching across from the Uinta basin and into the Piceance basin. The Uinta basin is filled 
mostly by Green River Formation sediments, which are dominantly marginal to open lacustrine 
deposits and are very extensive throughout the basin (e.g. Keighley et al., 2002; Schomacker et 
al., 2010). The Green River Formation contains five lithologic members (Pitman, 1996; Johnson 
et al., 2010) and 17 rich and lean zones, which are subdivided based on their kerogen content 
(Cashion & Donnell, 1972, 1974) in eastern Uinta and western Piceance basins (Figure 2.1). The 
Douglas Creek Member refers to the marginal lacustrine rocks in both basins; while the 
Parachute Creek Member refers to the lake center dolomitic oil shale deposits (Johnson et al., 
2010). This study focuses on the carbonate rocks of the Douglas Creek Member in eastern Uinta 
basin.  
The Wasatch Formation underlies the Green River Formation and is a Paleocene to Early 
Eocene fluvial dominated deposit that extends across the Uinta and Piceance basins (Johnson 
1984; Johnson et al., 2010). Outcrops of the Wasatch Formation are observed in the field area 
and are composed of large and small sand bodies encased in floodplain shales. 
The transition from Wasatch Formation to Green River Formation is marked by the onset 
of carbonate ostracod grainstones and gastropod/mollusc coquina beds of the Uteland Butte 
Member of the Green River Formation (Johnson 1984; Remy 1992). The carbonate beds of the 
Uteland Butte Member represent the first lacustrine incursion into the basin, as climate and 
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tectonics drove the Uinta basin from a fluvial dominated system to a lake environment. Another 
important marker is referred to as the Long Point Bed, which is a mollusc-rich coquina, 
representing the second lake environment incursion into the basin (Figure 3.1, Johnson, 1984; 
Johnson et al., 2010). The Uteland Butte Member and the Long Point Bed are separated by an 
episode of fluvial deposition of Wasatch Formation.  
The stratigraphic succession of the Green River Formation at White Face Butte represents 
fluctuations within lake stages as proposed by Tänavsuu-Milkeviciene et al., (2017). A measured 
section along the same outcrop was taken by Tänavsuu-Milkeviciene et al., (2017) in Figure 3.1, 
which shows the progression of lake deposition from stage 1 through stage 4. The final stages, 5 
and 6, are not present at the White Face Butte location due to erosion, and are traced down-dip 
into the Park Canyon site where the outcrop extends further up stratigraphically to the Mahogany 
zone; represented in Figure 3.2, which is a measured section of the Park Canyon outcrop 
modified after Peacock, (2017). Cycles observed at White Face Butte are compatible with cycles 
in the Piceance Creek and Greater Green River basins and have been correlated by Tänavsuu-
Milkeviciene et al., (2012) and Tänavsuu-Milkeviciene et al., (2017). 
3.3 Lacustrine Setting 
Lacustrine systems have been documented throughout the world with varying sizes, 
types, and shapes (Anadon et al., 1991; Gierlowski-Kordesch and Kelts, 1994; Katz, 1995; 
Bohacs et al., 2000; Johnson et al., 2010). The lacustrine basins of the Green River Formation 
were formed through a tectonic overprint, creating accommodation that was then filled through 
fluvio-lacustrine processes. Lacustrine basins have significant differences from marine basins. 
This is attributed to the difference in sediment and water volumes in these basins. Lacustrine 
basins tend to be more readily affected by the underpinning tectonics and the surrounding 
climatic changes (Carroll and Bohacs, 1995, 1999; Bohacs et al., 2000). Furthermore, an 
important consequence of the spatial confinement of lacustrine deposits is the high effect of 
sediment supply and lake level change on the lake system (Schumm, 1977; Perlmutter and 
Mattews, 1990; Bohacs et al., 2000). Lake levels can readily fluctuate as a function of runoff, 
when fluvial discharge into the lake basin is high, lake levels tend to rise, and consequently, lake 
levels fall when discharge is low (Bohacs et al., 2000).  
Lake systems display characteristic lacustrine settings that are defined by their facies 
associations. A lake-type model developed by Carrol and Bohacs 1999 and Bohacs, et al., 2000 
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characterizes the different lake settings as: overfilled, balance filled, and under-filled lake basins. 
The different lake types reflect variations in accommodation (mainly controlled by tectonics) and 
water/sediment supply (mainly controlled by climate) into the lacustrine basin. Due to the spatial 
confinement in these basins, lakes will tend to evolve through time between the three different 
lake types (Bohacs et al., 2000). Lacustrine systems, however; are inherently too complex for a 
standardized model. Each lacustrine system is affected independently by the local tectonics and 
varying climate, making it difficult to standardize lake systems (Tänavsuu-Milkeviciene et al., 
2017).   
Carbonate deposits typically reflect changes in water chemistry, varying salinity levels, 
and can also indicate siliciclastic sediment input rates into a basin (Bohacs et al., 2000). 
Lacustrine carbonates are predominantly deposited in the balance filled and underfilled lake 
types. Balance filled lakes tend to show progradational siliciclastic sediment interbedded with 
aggrading precipitated carbonate sediment; reflecting fluctuations in the hydrologic state of the 
lake, which is closed during carbonate deposition and open during siliciclastic deposition. 
Underfilled lakes tend to be hydrologically closed, promoting desiccation cycles and subsequent 
carbonate and evaporite deposition. In contrast, carbonate deposits are uncommon in overfilled 
lakes because they are hydrologically open with high sediment input, causing highly 
progradational siliciclastic packages, with high fresh water input preventing desiccation cycles 




Figure 3-1: Stratigraphic section of the White Face Butte outcrop in Eastern Uinta basin. The 
carbonate beds that are of interest to this study are marked in the Measured Section (MS) 
column. Followed by a column of lithofacies (LF), and overall results of isotope data for this 




Figure 3-2: Park Canyon section measured by Peacock,(2017). The Park Canyon outcrop is 
located roughly 8 miles NNW of the White Face Butte outcrop. Sequence Boundaries 8 and 9 in 
Rich zone 4 are correlated to the top of the White Face Butte outcrop and representing three 
carbonate bed sets. On the right, stable isotope data for O and C are plotted with arrows 
indicating positive and negative excursions.
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CHAPTER 4: METHODOLOGY 
 This study is based on field data collected along two outcrop locations in the eastern 
Uinta basin (Figure 1.1). The first location is White Face Butte, where a published measured 
section by Tänavsuu-Milkeviciene et al., (2017) was used as a guide to focus on millimeter and 
centimeter scale descriptions of the carbonate beds along the outcrop. The second field location 
is the Park Canyon site, where detailed millimeter and centimeter scale descriptions of the 
carbonate beds were also collected. Outcrop correlation between White Face Butte and Park 
Canyon site was performed in order to continue a whole section through the Green River 
Formation. A total of 23 carbonate bed sets were identified, measured, mapped horizontally 
along cliff faces, and described in detail from these locations.  
 Detailed facies analysis was performed using 188 hand samples collected from the 
outcrop locations, and polished slabs were prepared from all the samples. Of the 188 samples, 
110 petrographic thin sections, representing the wide variety of facies, were prepared and 
impregnated with blue epoxy, to enhance porosity, and were stained with Alzarin Red-S to 
differentiate calcite and dolomite mineralogy. A LEICA DM 2500P transmited light petrographic 
microscope was used to describe the mineralogy, textures, grain types, diagenesis, and carbonate 
fabrics of all samples. The standard carbonate Dunham classification modified by Wright, 
(1992), Flügel, (2004), and microbialite terminalogy by Riding, (2000) were used to classify 
carbonate samples based on meso- and micro-scale textures. Petrographic photomicrographs 
were taken using a LEICA DFC450 C camera mounted on the microscope.  
A number of thin sections and polished slabs representing large-scale and small-scale 
carbonate cycles and depositional environments were chosen to be micro-drilled in order to 
obtain bulk-powder samples for stable isotope analysis. Bulk-powder samples (118) were sent 
out to the University of New Mexico Center for Stable Isotopes, where they were analyzed for 
δ18O and δ13C stable isotopes using a Thermo Scientific Delta V mass spectrometer. 
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CHAPTER 5: CARBONATE LITHOFACIES 
5.1 Facies Association 1: Lake-Margin Carbonates 
Six Lake Margin Carbonate lithofacies lacking microbialite dominated fabrics were observed in 
both field location and include (summarized in Table 5.1): lithofacies A: Ostracod Packstone 
Grainstone; lithofacies B: Bioclastic Quartzose Packstone-Grainstone; lithofacies C: Oolitic 
Peloidal Packstone-Grainstone; lithofacies D: Quartzose Peloidal Intraclastic Grainstone-
Rudstone; lithofacies E: Intraclastic Peloidal Packstone-Grainstone-Rudstone; and lithofacies F: 
Quartzose Wackestone.  
Table 5-1: Summary table of facies associations, lithofacies, their dominant fabrics and grains, 

















































































5.1.1 Lithofacies A: Ostracod Packstone Grainstone 
Lithofacies A is composed of thick white-buff to tan-buff colored, ostracod grainstone 
beds that are laterally consistent and continuous. The dominant grains are ostracod shells that can 
be distinguished from other grains in hand sample by their subspherical elongate shapes. 
Ostracod grains are typically well sorted, other grains can include peloids, subround to 
subangular silt sized quartz grains (uncommon), ooids and superficial ooids (uncommon); and 
intraclastic and bioclastic grains scattered throughout. Whole and fragmented gastropod and 
bivalve shells are only observed in the lower Green River within the Long Point bed. Fish 
fragments are only found in bed set G.R.5.6, which are present in the form of vertebrate and 
fragmented bones.  
In outcrop, lithofacies A is dominantly structureless and shows a massive, blocky 
appearance; ripple laminations and mud drapes are present but uncommon (Figure 5.1). Outcrops 
tend to be very resistant to erosion, laterally continuous, and also occur as stringers within other 
lithofacies. Thicknesses vary from 3 cm to 45 cm, with an average of 11 cm across the whole 
outcrop. Contacts with underlying and overlying beds are sharp and distinct.  
 In thin section ostracods are dominantly intact and range in size from 0.3 mm and 
upwards of 1.2 mm. The shells are dominantly dolomitic, but can also be calcitic, and are filled 
with dolomicrite (Figure 5.1 B and C). Some ostracods are observed to have a crinkly coat that 
may be microbial in origin (?), but are more commonly uncoated. Grain contacts are distinct, 
shells may also be stacked on top of one another, forming a pseudo concentric texture.  
 Surrounding matrix is in the form of micrite/calcimicrite, blocky/sparry calcite or 
dolomite cement, interparticle or intercrystalline pores, and less commonly poikilotopic calcite 
cement. Grains may also be coated with an equant microdolospar cement, which can partially fill 
grains where cores are spalled (Figure 5.1 C).  
 Macroporosity is most commonly observed in the form of primary interparticle and 
intercrystalline porosity. Secondary porosity is abundant as moldic porosity. Intercrystalline 
porosity may have also formed through cement dissolution, this is observed through the jagged 
and uneven edges of pores developed as intercrystalline porosity. No microporosity was 
observed in thin section. A visual estimation of porosity ranges from 5% to 30%, with an average 
of 12%.  
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 Association with other facies and occurrence in Lake System: lithofacies A is first 
observed in the lowermost carbonate bed within the Green River Formation, i.e. the Long Point 
bed, and represents the second major lacustrine deposition into the Uinta basin (Johnson, 1984; 
Johnson et al., 2010). It is present as a thick 45 cm bed that is laterally continuous for kilometers. 
In the Long Point bed interval, this lithofacies overlies and underlies the bivalve and gastropod 
rich lithofacies B, and it also contains fissile shale stringers. Further up in the outcrop, within 
Lake Stage 2 (Transitional Lake) (Figure 3.1), lithofacies A is observed as thin ripple laminated 
beds, interbedded with lithofacies G5 (Spheroidal Oncoidal Stromatolite), claystones, shales, and 
underlies lithofacies G1 (Fine Grained Stromatolite). Lithofacies A is absent from Lake Stage 3 
(Highly Fluctuating Lake) at the White Face Butte outcrop, and reappears in Lake Stage 4 
(Rising Lake), where it occurs near the bottom of carbonate bed sets and is interbedded with 
shales, claystones, and lithofacies F.   
 Interpretation: The dominant structureless appearance of lithofacies A may be indicative 
of high depositional rates within a proximal setting. The abundance of quartz grains, bivalves, 
and ostracod shells, whole and fragmented and the mud-poor grainstone texture is suggestive of 
a relatively high energy environment within the photic zone. The dominant lack of other 
sedimentary structures leads to the interpretation that lithofacies A is deposited within the upper 
littoral (upper shoreface) zone, in close proximity to siliciclastic rich fluvio-deltaic channels. The 
lateral continuity may be suggestive of an extensive shoreface environment that was deposited 
across 100’s of miles along the paleo lake’s shoreline.  
5.1.2 Lithofacies B: Bioclastic Quartzose Packstone-Grainstone 
Lithofacies B is an uncommon lithofacies that is dominantly composed of poorly sorted 
intraclastic, bioclastic, and silt sized subangular quartz grains. Contacts with underlying and 
overlying beds tend to be gradational and indistinct. Bed thicknesses vary considerably based on 
the stratigraphic position along the outcrop.   
 In outcrop, lithofacies B is laterally continuous and forms cohesive beds in the lowermost 
part of Long Point bed, where it is a dark-colored gray to tannish brown fossiliferous bed (Figure 
5.1). At this location it ranges in thickness from 5 to 20 cm, and is laterally continuous for 
kilometers. In Lake Stage 3 (Highly Fluctuating Lake), bed set G.R.9.1, it occurs as a 
discontinuous thin bed containing an abundance of fish and terrestrial animal bone fragments. 
The largest bone fragment found at this location is roughly 12 cm long. Here lithofacies B is a 
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dark tan to brown color and contains oncoids of lithofacies G5 (Spheroidal/Oncoidal 
Stromatolite) (Figure 5.2 A). 
In thin section lithofacies B is very poorly sorted. In the Long Point bed, lithofacies B 
contains abundant fragmented bivalve shells that are up to 10 cm in size. Other bioclastic grains 
include fish scales, gastropods, and ostracod shells. Quartz grains are very abundant, typically 
silt sized, reaching up to 0.45 mm in diameter, and are subangular to angular. Calcimicrite and 
dolomicrite stringers are also be present (Figure 5.2 D and E).  
 In bed set G.R.9.1, lithofacies B is poorly sorted but contains more abundant angular 
intraclasts that are composed of quartz rich lithic fragments and fragmented microbialites. 
Abundant concentrically laminated ooids and superficial ooids that reach up to 0.7 mm in 
diameter are observed. Composite ooids are also present, along with elongate and subspherical 
ooids and peloids. Silt sized subangular to angular quartz grains are also present, and commonly 
form the nuclei of ooids. Whole fish vertebrate bones and other fish bone fragments are abundant 
(Figure 5.2 B).  
 Interstitial spaces are commonly filled with micrite/calcimicrite, silt sized quartz grains, 
or blocky/sparry calcite and dolomite cement. Other diagenetic features include complete 
replacement of skeletal fragments, i.e. bivalve and gastropod shells, by blocky/sparry calcite. 
Euhedral calcite overgrowth and infill of moldic pores, and pervasive dolomitization of micrite, 
ooids, peloids, and intraclasts is common.  
Interparticle porosity is very poor, and commonly filled with silt sized quartz grains and 
calcite cement. Other types of porosity include moldic, which is also very poorly developed, 
intercrystalline, and fracture porosity. Visual estimation of porosity is approximately <5%.  
 Association with other facies and occurrence in Lake System: lithofacies B is uncommon 
in the White Face Butte outcrop, and is not present in the Park Canyon outcrop. It only occurs in 
two stratigraphic locations: Long Point bed, and in Lake Stage S3 (Highly Fluctuating Lake). At 
the Long Point bed, it is interbedded with lithofacies A and shales, while at G.R.9.1 it is 
interbedded with lithofacies G5 (Spheroidal/Oncoidal Stromatolite), and underlies lithofacies E.   
 Interpretation: lithofacies B is interpreted to be deposited in similar depositional 
environments as lithofacies A. The dominant structureless appearance may be indicative of high 
depositional rates, while the grainstone texture and abundance of fragmented and whole skeletal 
shells is suggestive of an active photic zone environment. Lithofacies B is interpreted to be a lag 
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deposit, acting as a transitional unit within the upper to middle littoral (upper to middle 
shoreface) zone. 
5.1.3 Lithofacies C: Oolitic Peloidal Packstone-Grainstone 
Lithofacies C is a white-tan to brown-tan colored packstone to grainstone, composed 
predominantly of peloids and ooids with rare intraclasts. Sorting ranges from moderately to well 
sorted. In outcrop, lithofacies C forms thick and thin lens-shaped beds that are laterally 
discontinuous and may also form as stringers within other lithofacies. Lateral extent is on the 
order of 10’s of meters, and can be as large as 100’s of meters. Outcrops show a range of 
sedimentary structures including structureless beds, ripple lamination, low angle cross bedding, 
wavy lamination, planar lamination, and inverse grading (Figure 5.3 A). Bed thicknesses range 
from 5 cm to 65 cm, with an average of 19 cm. Contacts with underlying and overlying 
lithofacies are both sharp and gradational. It is dominantly sharp when it is overlain by a 
microbialite lithofacies, and gradational when it transitions into other non-microbial lake margin 
carbonate lithofacies.  
In thin section lithofacies C contains an abundance of spherical to subspherical peloids 
ranging in size from 0.15 mm to 1.7 mm. Peloids commonly form superficial ooids, showing a 
very thin micritic coat. Ooids are also present but less common, only two samples examined 
were dominated by ooids. Ooids also range in size, reaching 4 mm in diameter. Ooids and 
peloids are also observed in aggregates forming composite grains and grapestones.  Other grains 
observed include uncommon silt sized quartz grains, roughly 0.4 mm in size, subround to 
subangular. Rare fragmented ostracod shells were also observed. Intraclasts are rare, have 
rounded edges, and are composed of micritic fragments, ostracod grainstones, and microbialite 
fragments.   
 Interstitial spaces between grains are typically unfilled, however some samples show 
diagenetic cementation. Blocky/sparry calcite cement may partially fill interparticle pores. Other 
matrices include calcimicrite and dolomicrite infill, dolomicrite meniscus cementation, and silt 
sized quartz. All samples examined were pervasively dolomitized.  
Many samples showed very well developed interparticle porosity, and well-developed secondary 
moldic porosity (Figure 5.3 B and C). Ooids commonly have spalled cores, and show buckled 




Figure 5-1: A) Outcrop picture of the Long Point Bed representing lithofacies A and B; note the 
inverse grading from the bottom to the top of the outcrop. B) Photomicrograph of lithofacies A 
showing the overall textural properties. Note the closely packed ostracod shells; interparticle 
porosity is filled with a blocky calcite cement, while moldic porosity is abundant. C) Close up 
photomicrograph of lithofacies A showing distinct ostracod shells (Ost), blocky calcite cement 
(B), micritic infill (Mic), and moldic porosity (Mol). D) Photomicrograph of lithofacies B from 
the Long Point Bed. Note the abundance of bioclastic grains including bivalves (Bi) and, fish 
scales (Fs). Other grains include Intraclasts (Int), and an abundance of quartz grains. E) close up 
photomicrograph of lithofacies B, showing an abundance of fragmented bivalve (Bi) shells and 









Figure 5-2: A) Outcrop picture of lithofacies B at the second stratigraphic locations G.R.9. Note 
the scattered Spheroidal/Oncoidal Stromatolites (On) throughout the unit. Overlying the unit is 
lithofacies (E). B) photomicrograph of lithofacies B from the outcrop showing large fish 
vertebrate (Fv), intraclastic material (Int), abundance of quartz grains (Qtz), and the poorly 
developed Interparticle porosity (In). C) Polished slab from one of the oncolites shown in Figure 
5.2 A showing vuggy intraparticle porosity within the nucleus of the oncolite (On). C) 
Photomicrograph of the sample shown in C showing poorly developed blocky calcite cement 
(B), and the concentric laminations formed by peloidal clotted micrite (PC). 
  
 23 
grain contacts. Other secondary porosity includes fracture porosity. A visual estimation of the 
porosity ranges between 5% and 25%, with an average of 12% porosity. 
Association with other facies and occurrence in Lake System: lithofacies C occurs most 
commonly within the lower-middle Green River Formation in Lake Stage 2, (Transitional Lake). 
It first appears in lake stage 1 and is present in lake stage 3, and is rare in lake stage 4. 
Stratigraphic occurrence is near the bottom or middle of a carbonate bed set and is associated 
with and overlies lithofacies G5 (Spheroidal/Oncoidal Stromatolite), and it is also observed 
underlying and surrounding lithofacies G1 (Fine Grained Stromatolite). Other associations 
include lithofacies F, and lithofacies G3 (Agglutinated Stromatolite). Some samples examined 
showed lithofacies C agglutinated within lithofacies G3 (Agglutinated Stromatolite), where the 
microbialite is present as a binding cement within or on top of lithofacies C.  
 Interpretation: The abundance of sedimentary structures observed in lithofacies C 
indicates a high energy and active environment. Cross bedding and basal scours are indicative of 
subcritical flow, while inverse grading and structureless appearance are indicative of high 
sedimentation rates. Furthermore, concentric laminations within the ooids require occasional 
rolling and water agitation, and with the lack of tidal forces in a lacustrine setting, wave action is 
interpreted to be the dominant factor in forming concentrically laminated ooids. Lithofacies C is 
therefore interpreted to be deposited within an active, high energy upper littoral zone along a 
paleo lake shoreline.  
5.1.4 Lithofacies D: Quartzose Peloidal Intraclastic Grainstone-Rudstone 
 Lithofacies D is composed of peloids, intraclasts, and abundant silt sized, subrounded to 
subangular quartz grains. It varies from grain supported grainstones to intraclast supported 
rudstones. Colors vary from orange-brown, mainly in the lower and middle Green River 
Formation, to tannish-gray, occurring in the upper parts of the Green River Formation.  
In outcrop, lithofacies D is laterally variable in thickness ranging from 5 cm to 32 cm, with an 
average thickness of 13 cm. Lateral pinchouts of lens-shaped beds were observed across several 
meters (Figure 5.4 A). Sedimentary structures include ripple lamination, low angle cross 




Figure 5-3: A) Outcrop of lithofacies C showing low angle cross laminations. B) 
Photomicrograph of lithofacies C, showing a dominant peloidal and oolitic packstone that is 
bound by fine grained microbialite layers. C) Close up photomicrograph of lithofacies C ooids 




Intraclasts are dominantly flat, elongate, and show rounded edges. Their sizes range from 
2 mm and up to 6 cm long. Bed contacts are commonly sharp with underlying and overlying 
lithofacies, however gradational contacts have also been observed, including gradational contacts 
with overlying and underlying siltstones, showing inverse and normal grading (Figure 5.4 D).  
 Lithofacies D shows a range of rock types in thin section. Grainstones are dominated by 
peloids and ooids, while rudstones are dominated by intraclasts (Figure 5.4 C and D). Both types 
of rocks show an abundance of silt sized, subround to subangular quartz grains, ranging in size 
from 0.10 mm to 0.55 mm. These quartz grains form roughly 30-40% of the samples. 
Superficially coated quartz grains were also observed. Ooids are <1mm in diameter. Other grains 
include fragmented bivalve shells <2mm in size. Intraclasts have oblong, irregular, and more 
commonly flat and elongate shapes. They are composed of other carbonate lithic fragments and 
abundant microbialite and micrite fragments. Some intraclasts show a thin micritic coating that 
may be microbial in origin. This coating can be dissolved out, creating a thin porous mold 
between the intraclast and the rest of the grains.  
 Most sample observed in thin section show pervasive and fabric non-selective 
dolomitization. However, a few samples show partial dolomitization, especially within 
microbialite intraclasts, where alternating laminae of dolomicrite and calcimicrite are observed. 
Interstitial spaces are dominantly filled by silt sized quartz grains. Micrite and calcimicrite is 
present, as well as blocky/sparry calcite cement. Rare clotted micrite is observed binding and 
agglutinating grains, and have a greenish brown to rustic brown color.  
 Dominant primary porosity is interparticle, although it is poorly developed due to 
cementation and micrite infill. Secondary porosity is present in the form of moldic porosity as a 
result of spalled ooid cores (Figure 5.4 C). Other types of porosity include fracture and 
intraparticle porosity. A visual estimation of macroporosity ranges between 1 to 10% with an 
average of 6%.  
 Association with other facies and occurrence in Lake System: lithofacies D is present in 
all Lake Stages but Lake Stage 2 (Transitional Lake). It is very common in Lake Stage 3 (Highly 
Fluctuating Lake) and Lake Stage 4 (Rising Lake). Lithofacies D commonly occurs near the base 
of a carbonate bed set, forming a bottom erosional contact with the underlying lithofacies, which 
are most commonly massive sand/siltstone and shales. Lithofacies D is also observed in lateral 
and vertical association with lithofacies H3 (Fine Grained Thrombolite); and occurs in the upper 
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Green River Formation in Lake Stage 4 (Rising Lake) and Lake Stage 5 (High Lake). Other 
occurrences of lithofacies D include lateral transition to lithofacies G3 (Agglutinated 
Stromatolite), and G4 (Dendrolitic Stromatolite).  
 Interpretation: The overall laterally discontinuous and bed lens shape of lithofacies D, 
along with imbricated intraclasts and the abundance of silt sized quartz grains, is indicative of a 
high energy environment with constant current flow. A unidirectional subcritical flow is 
interpreted based on the low angle cross laminations, unidirectional ripple laminations, and the 
abundance of imbrications. The presence of quartz grains may be attributed to a siliciclastic 
channel contributing quartz grains to the carbonate system. Furthermore, the abundance of 
microbialite intraclasts is a direct result of lithofacies D being deposited within close proximity 
to microbialite deposits. Lithofacies D is interpreted to have been deposited within the upper to 
middle littoral zone, proximal to fluvio-deltaic channels.  
5.1.5 Lithofacies E: Intraclastic Peloidal Packstone-Grainstone-Rudstone 
 Lithofacies E consists of intraclasts and peloidal grains with occasional ooids and rare 
quartz grains. It is characterized by the abundance of intraclastic material and microbialite 
growth binding grains together. Intraclasts are dominantly composed of microbialite clasts, 
oolitic grainstone clasts, and other carbonate and micritic lithic clasts. The majority of intraclasts 
have subrounded to subangular edge. Their sizes range from 2 mm and upwards of 10 cm, but 
are mostly <5 cm. Large microbialite heads, reaching widths of 30 cm are also observed 
associated with this lithofacies, dominantly within the lower Green River Formation in bed set 
G.R.1 (Figure 5.5 D). 
In outcrop, lithofacies E ranges in color from orange-brown to gray-tan and buff. It occurs as 
cohesive and laterally continuous beds for several meters. Pinchouts are typically associated with 
lateral microbialite growths. It also less commonly occurs as thin and laterally discontinuous 
lenses for several cementers. Bed thicknesses vary from 5 cm to 30 cm, and have an average 
thickness of 10 cm. Sedimentary structures are rare, dominantly structureless, however 
imbrications are common and form by large intraclasts. Fining upward structures are also 
observed, from intraclastic dominated to ooid/peloid dominated rocks. Lithofacies E ranges from 
packstones and grainstones to rudstones. All three types are observed in outcrop and thin section 





Figure 5-4: A) Photomosaic of lithofacies D, at bed set G.R.6, showing lateral pinchouts in both 
directions and lens shape. B) Close up of lithofacies D, at bed set location G.R.2, showing ripple 
lamination and abundance of Intraclastic material. C) Photomicrograph of lithofacies D; note the 
abundance of imbricated intraclasts (Int) indicated by the black arrows. Moldic (Mol) porosity is 
also very abundance. Blocky calcite cementation (B) is sparsely present. D) Photomicrograph of 
lithofacies D from outcrop in figure A showing the contact between the overlying siltstone (SS) 
and the underlying intraclast (Int) rich lithofacies D. Peloids (P) and intraclasts have a rounded 
appearance indicating active transport.
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In thin section, lithofacies E shows abundant fragmented microbialites in the form of 
intraclasts. Ooids are present but uncommon, and range in size from 0.5 to 2.5 mm. Some ooids 
display evidence of concentric microbial growth in the form of oncoids. Peloids are common, 
spherical to subspherical and elongate in shape, and show similar size ranges as ooids. Silt sized, 
subangular quartz grains are rare. Peloids were observed to form superficial ooids and similarly 
intraclasts are also observed to have thin micritic coats. Other grains include rare fragmented 
ostracod shells, and fragmented bivalve shells.  
 Most samples observed in thin section show pervasive and fabric non-selective 
dolomitization. A few samples however showed very little partial dolomitization, dominantly 
within intraclasts and surrounding calcimicrite. Interstitial spaces can be either filled or porous. 
When filled, the rock shows very little porosity. Calcimicrite and dolomicrite commonly fill 
interstitial spaces, along with micritic grains, blocky/sparry calcite and dolomite cement. Other 
diagenetic features include micritic meniscus cement, and calcite replacement of bivalve 
fragments.  
 Dominant primary macro porosity is interparticle porosity (Figure 5.5 C and E). This type 
of porosity is commonly filled by micrite, and calcite/dolomite cementation. Other primary 
porosity is observed as intraparticle porosity within microbialite intraclast fenestrae. Secondary 
porosity is weak, and observed as moldic, and fracture porosity. Intraclastic grains may also 
show a thin moldic layer of porosity that appears to be dissolved superficial coatings. A visual 
estimation of porosity ranges from 3% to 25%, with an average of 12% porosity.  
 Association with other facies and occurrence in Lake System: lithofacies E is very 
common throughout the Green River Formation. However, it is absent from Lake Stage 5 (High 
Lake). It commonly occurs near the bottom of a carbonate bed set, but may also be present near 
the top. It is laterally associated with lithofacies G3 (Agglutinated Stromatolite), where it is 
observed pinching out into fine grained and agglutinate stromatolites (Figure 5.5 A). Field 
observations also show it overlying and underlying all subfacies of lithofacies G (Stromatolite); 
especially lithofacies G5 (Spheroidal/Oncoidal Stromatolite). Lithofacies E is rarely found in 
association with other Lake Margin Non-Microbial lithofacies, with the exception of lithofacies 
A. It may also be interbedded with shale.  
 Interpretation: lithofacies E’s lateral continuity, superficially coated grains, and common 
association with microbialite deposits is suggestive of deposition within a moderate energy 
 29 
environment. Microbialite intraclasts, along with other intraclasts, do not show rounded edges or 
signs of extensive transportation. The lack of quartz grains, compared to lithofacies D, further 
supports a moderate energy environment with occasional reworking. Lithofacies E is interpreted 
to be deposited within the lower littoral (lower shoreface) zone, in close association with 
microbialite lithofacies above fair weather base. The lack of common concentrically laminated 
ooids is indicative of a zone below wave base but above storm base, where occasional storm 
waves occur.  
5.1.6 Lithofacies F: Quartzose Wackestone 
 Lithofacies F is a fine grained dolomitic to calcitic wackestone with abundant quartz 
grains suspended in a dense clotted micritic matrix. It ranges in color form orange-tan, to white-
tan, and brownish-orange. Thickness ranges from 3 cm to 45 cm, but is more commonly 10 cm 
to 20 cm thick.  
In outcrop, lithofacies F is observed in the form of thick cohesive beds that are laterally 
continuous for 10’s of meter (Figure 5.6 A). It is also observed as laterally discontinuous 
stringers that form underlying substrate for microbialite build ups, or as infill between large 
microbialite heads. It is dominantly structureless and massive, but can also display rare ripple 
laminations. Burrows and crude parallel and wavy laminations are also observed. Rare intraclasts 
are present, along with other rare carbonate grains and skeletal grains. Upper and lower contacts 
are typically sharp and distinct, however gradational contacts with siltstones are observed. 
In thin section, lithofacies E shows a massive, dense, and clotted micritic appearance 
(Figure 5.6 B). The clotted appearance may be indicative of an organic origin, which may also be 
a product of microbial activity in the form of microbe-induced micrite precipitation. Suspended 
grains are observed, dominantly angular silt sized quartz grains that make up 10-20% of the rock 
and have an average size of 0.15 mm. Quartz grains are observed as suspended and randomly 
dispersed grains within a micritic matrix, and are also observed forming laminated thin stringers 
a few mm thick.  Normal grading is observed, especially where lithofacies F overlies siltstones.  
Other grains consist of bioclastic material such as rare ostracod shells, and fragmented bivalves. 
Peloids are abundant and range in size from 0.3 mm to 1 mm in diameter. They are oblong, 




Figure 5-5: A) Outcrop photomosaic of lithfoacies E showing lateral pinchout into lithofacies 
G1. B) Photomicrograph of lithofacies E showing a chaotic mix of peloids (P) and intraclasts 
(Int). (Mol) stands for moldic porosity, and (Inr) stands for intraparticle porosity. C) 
Photomicrograph of lithofacies E showing an abundance of microbialite intraclasts (MInt), 
peloids (P), and fragmented calcitic bivalve shells (Bi). D) Polished slab image of lithfoacies E 
within bed set G.R.1, showing an overturned large mcirobialite head of G1 suspended in 
lithfoacies E. Note the other microbialite intraclasts of G3. E) Photomicrograph from slab shown 
in D showing abundant moldic porosity (Mol), sparse presence of blocky calcite cement (B), and 
the abundance of spherical peloids (P) and superficial ooids (SO).  
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 Most samples examined were dominantly dolomitic, with patchy calcimicrite remnants. 
Other diagenetic features include poorly developed sparry/blocky calcite cementation partially 
and completely filling moldic pores (Figure 5.6 B and C). Porosity is very poor, dominantly in 
the form of secondary moldic porosity (Figure 5.6 B). Interparticle microporosity is observed in 
thin section, however visual estimations of microporosity is difficult.  
 Association with other facies and occurrence in Lake System: lithofacies F is present in 
Lake Stages 2 (Transitional Lake), 3 (Highly Fluctuating Lake), and 4 (Rising Lake). It is 
observed near the base or middle of a carbonate bed set, and is commonly associated with shales 
and claystones. It is also interbedded with lithofacies A and G1 (Fine Grained Stromatolite). 
Other associations include lithofacies D, E, C, and H2 (Coarse Grained Thrombolite).  
 Interpretation: lithofacies F’s abundant micritic matrix and lack of grains is indicative of 
a low energy environment. Silt sized quartz are potentially transported into the micritic matrix 
from nearby fluvio-deltaic deposits. This lithofacies is interpreted to have been deposited in the 
lower littoral to upper sublittoral zone, in a deeper setting than lithofacies A, B, C, D, and E.  
5.2 Facies Association 2: Lacustrine Microbial Carbonates 
Carbonate microbialite deposits are widespread in the Green River Formation across all 
three basins. The term microbialite in this paper refers to the sedimentary structures observed in 
the rock record constructed by microbial actions (Burne & Moore, 1987). Microbialites are 
considered to be a form of trace fossils, due to the lack of preservation of the organisms forming 
the structures. Microbialite construction can occur through two dominant processes: in the form 
of trapping and binding of grains or through bio-geochemically induced precipitation or 
cementation (Burne & Moore, 1987).  
Several different types of bacteria contribute to the formation of microbialites (Dupraz et 
al., 2011; Riding, 2000). The metabolic processes that take place to precipitate microbialites 
include cyanobacterial photosynthetic uptake of CO2 and/or HCO3. Other bacterial processes 
include sulphate reduction, denitrification, and ammonification (Riding, 2000). Grain trapping 
and binding depends on local conditions such as the morphology and structure of the microbial 
mat and sediment supply. Grains can be carbonate or siliciclastic, and can range from fine to 
coarse grains. Trapping mechanisms are typically through baffling sediment that is passing over 
the microbial mats, and adhesion of the grains onto the bacterial surfaces through binding. 
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Bacterial overgrowth then traps sediment, incorporating them into the mat (Riding, 2000). 
 
Figure 5-6: A) Outcrop picture of lithofacies F interbedded with lithofacies A stringers and shale, 
and sharp contact with the overlying lithofacies C. B) Photomicrograph of lithofacies F showing 
a dominant micritic (Mic) matrix with silt sized quartz stringers (Ss) suspended within the 
matrix, and moldic porosity (Mol), and partially cemented (B) vuggy porosity containing peloids 
(P). C) Photomicrograph of lithofacies F showing similar features to one in B, and the 
fragmented skeletal grains (Sk) of unknown origin. 
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Laminations in modern marine stromatolites observed in the intertidal zones of Shark 
Bay, Australia, are a direct result of microbially induced precipitation of micrite (Reid et al., 
2000; Visscher et al., 2000). Alternating growths of three dominant mat structures with 
characteristic microbial types, described by Dupraz et al., (2011), is the dominant mechanism for 
stromatolite accretion: 1) type 1 mats are dominated by cyanobacteria within a sticky 
extracellular polymeric substance (EPS) film, which act as a binding film on detrital grains 
(carbonate ooids/peloids or quartz sand grains); 2) type 2 mats are composed of heterotrophic 
bacteria within a continuous biofilm of EPS that lithifies rapidly as a result of precipitation of 
aragonite needles; 3) type 3 mats are composed of agglutinated endolith-infested ooid grains 
underlying a biofilm (Dupraz et al., 2011).  
Unique physiochemical conditions are required for microbialite developments.  Survival 
of microbial communities highly depends on the environmental conditions, weather they are in 
open marine, restricted marine, or lacustrine settings, microbial communities are on the bottom 
of the food chain, making them prime targets for most eukaryotes and invertebrates’ diets 
(Dupraz et al., 2011). Hypersaline and saline environments are the most favorable conditions for 
microbialite colonies, as noted by multiple authors in modern day saline and hypersaline 
environments (Fischer, 1965; Awramik, 1971, 1982, 1992; Walter and Heys, 1985; Riding, 
2006; Dupraz et al., 2011).  
Classification of microbial carbonates is based on a combination of different scales of 
observation as proposed by Shapiro, (2000) and Dupraz et al., (2011), and used by multiple 
authors (e.g. Cohen et al., 1997; Leggitt and Cushman, 2001): 1) Megastructures, which reflect 
the overall bed geometries and dimensions, as well as the occurrence of microbial bioherms (i.e. 
biohermal, or biostromal); typically reflects the environmental conditions in which the 
microbialites were deposited (Kennard and Burne, 1989). 2) Macrostructures, the size and shape 
of individual microbial build up (i.e. domal, hemispheroidal, columnar ...etc.). 3) Mesostructure, 
hand sample sized textures, can vary from clotted (Thrombolites and Dendrolites), to laminated 
(Stromatolites), and aphanitic (Leiolites) (Dupraz et al., 2011; Riding, 2000). Different 
mesostructures reflect the complex interaction between microbial communities and the 
surrounding environmental factors (Kennard and Burne, 1989).  4) Microstructure, textures 
observed on the microscopic scale (i.e. clotted micrite, dense micrite, peloidal ...etc.); this scale 
is related to internal composition and organization of the microbial communities, acting as a 
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direct indicator of the type of microbial community building the microstructures (Kennard and 
Burne, 1989). Classification of microbialites based on stacking patterns and geometric forms has 
been adopted in this study using Logan et al., (1962).  
 Three dominant microbialite types are observed in the Green River Formation: 1) 
Stromatolites, 2) Thrombolites, and 3) Dendrolites. These microbialite types reflect different 
macroscopic fabrics observed in the rocks. 
5.2.1 Lithofacies G: Stromatolite 
Stromatolites are defined by Riding, 2000 as “a laminated benthic microbial deposit.” 
The laminations are the most important distinguishing characteristic of these types of 
microbialites. Stromatolites can be further subdivided into three main types: 1) skeletal 
stromatolites, which display a preserved record of the organisms that formed the laminations in 
the form of calcified microbes that are predominantly cyanobacteria. The layers commonly 
consist of skeletal oncoids, trapped particles, and biofilms. Early cementation is also a common 
aspect in skeletal stromatolites (Riding, 2000). 2) Agglutinated Stromatolites are formed by 
trapping sediment grains between the bacterial layers. Grains can vary in size from silt to gravel 
size. Laminations are best formed when the grains are silt sized, and tend to become cruder as 
the grain size increases (Riding, 2000). 3) Fine-grained stromatolites that are difficult to interpret 
a depositional process, due to the very fine micritic texture of these stromatolites (Riding, 2000). 
Stromatolites in the rock record can display end members, or a combination of the three 
mentioned types.  
Dendrolites are microbialites that display a distinct bush-like meso-fabric. These 
microbialites are also produced by calcified bacteria, predominantly cyanobacteria; and are 
characteristically formed only by microbial calcification. They differ from stromatolites and 
thrombolites in that they do not form by agglutination processes (Riding, 2000). Dendrolitic 
varieties at both White Face Butte and Park Canyon display crudely laminated structures that 
alternate between bush-like mesostructures and clotted and agglutinated fabrics. These 
microbialites are classified as dendrolitic stromatolites, as they are not a pure dendrolite end 
member due to their laminations.  
Lithofacies G at White Face Butte and Park Canyon site consists of finely laminated, mm 
to cm scale carbonate deposits, displaying domal, hemispheroidal, tabular, flat, and columnar 
geometries. Stromatolites at these field locations can be further subdivided into five subfacies: 1) 
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Fine Grained Stromatolite; 2) Columnar Stromatolite; 3) Agglutinated Stromatolite; 4) 
Dendrolitic Stromatolite; and 5) Spheroidal/Oncoidal Stromatolite. Similar subfacies are 
observed in the Piceance basin by Sarg et al., (2013). This study builds on the terminology and 
classification of lithofacies G applied in the Uinta basin by Swierenga et al., 2015.  
5.2.1.1 Lithofacies G, subfacies 1: Fine Grained Stromatolite 
 Fine grained stromatolites are characterized by their fine laminations, 1 cm to 5 cm thick, 
and microlaminations, ranging from 0.4 mm to 1 mm thick. These stromatolites display a wide 
range of shapes and sizes. Characteristically multicolored, with alternating brown to tannish 
yellow colors. Some display rustic purple to gray colors. Crinkly varieties are characterized by 
undulating linked domes that display microlaminations, 0.3 mm to 1mm thick, and have a 
crinkled appearance.  Colors can range from white, tan, to darker yellowish brown. They 
commonly form in clusters and can have multiple stacked layers 
 In outcrop, fine grained stromatolites occur either near the bottom or middle of a 
carbonate bed set. The crinkly varieties tend to be near the top or the bottom of a carbonate bed 
set; acting as a capping unit, or as an initial binding layer facilitating a substrate for further 
microbialite growth. Average thickness is roughly 12 cm, but can range from 3 cm and up to 35 
cm thick (Figure 5.5 A). The megastructure is dominantly biostromal stratiform with an arched 
top, and can also be in the form of isolated hemispheroids, domed, aggregate domes, 
subspherical, and less commonly tabular stratiform and domed irregular linkages. Most crinkly 
“clusters” form along a tubular substrate, that consist of other stromatolite heads, or non-
microbial lake margin facies. Stromatolite head dimensions vary throughout both outcrop 
locations and typically show low relief forms, with an average height of 8 cm and an average 
width of 18 cm. Height can range from 3 cm to 20 cm and width ranges from 4 cm and up to 50 
cm.    
 Macrostructures display consistent Laterally Linked Hemispheroids- closely packed 
(LLH-C) and Stacked Hemispheroids- Constant basal radius (SH-C) (Figure 5.7 E). They also 
uncommonly occur as Laterally Linked Hemispheroids – Spaced (LLH-S), or as Stacked 
Hemispheroids- Variable basal radius (SH-V). Most crinkly varieties show Laterally Linked 
Hemispheroids – Closely packed (LLH-C), forming semi-symmetrical linked hemispheroids 
roughly 4 cm thick and 2 cm wide. Fine Grained Stromatolites have a characteristic finely 
laminated mesostructure that differentiates them from the other types of stromatolites. 
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Laminations are consisted and contain <50% agglutinated grains (Figure 5.7). Other less 
common macrostructures observed in the field consist of SH-C and SH-V (Figure 5.8 C and D). 
Mesostructures are typically laminated, but may also consist of poorly developed dendrolitic 
textures. Dendrolitic textures show thicker laminations containing clotted dendrolites; which are 
typically interlaminated with fine grained laminations. 
 In thin section, lithofacies G1 displays a variety of fine to microlaminated and 
micropeloidal textures, commonly displaying a brown-dark brown to greenish color. Although 
the majority of samples examined showed a dominant dolomicrite mineral texture, calcimicrite is 
also present. Common microstructures include: alternating calcimicrite and dolomicrite/clotted 
micrite (Figure 5.7 A and B); alternating laminae of dense clotted micrite and peloidal clotted 
micrite with occasional agglutinated grains that are dominantly <1mm in size (ooids, superficial 
ooids, peloids, ostracod shells, silty quartz grains) (Figure 5.7 C and D).  
Surrounding matrix is uncommon, but can be present in the form of blocky/sparry 
dolomite or calcite cement.  Other diagenetic features include fabric selective and fabric non-
selective dolomitization of micrite, clotted micrite, peloidal micrite laminations, and agglutinated 
grains. Equant microdolospar overgrowth is also common in fenestral pores and interstitial 
spaces as partial fills. Poikilotopic dolomite cement is present and less commonly calcite and 
dolomite spar fracture fill. Silicification is also observed, but rare, within lithofacies G1 (Figure 
5.7 E and F). This type of diagenetic overprint is pervasive, fabric non selective, and fabric 
preserving. Three particular beds were observed to be completely silicified. These beds occur in 
Lake Stages S2 (Transitional Lake) and S4 (Rising Lake). Silicification appears to be confined 
between 10 cm to 15 cm thicknesses, and are laterally continuous for 100s of meters. In thin 
section, silicification is through two stages: the first is a pervasive poikilotopic cement, and the 
second is a chalcedony infill of interparticle and fenestral pores. Porosity is obliterated in 
silicified samples as seen in Figure 5.7 F.  
 The dominant porosity type is laminoid fenestral, which can be classified according to 
Tebbutt et al., (1965)’s classification of laminoid fenestral microfabric porosity: 1) subtype LF-
A: Micritic elongate horizontal fenestrae (Figure 5.7 A, B and C); 2) subtype LF-B1: Irregular 
laminoid fenestrae (low detrital content) (Figure 5.7 D); and 3) subtype LF-B2: Laminoid to 
irregular laminoid fenestrae (high detrital content); this type is the least common within 
lithofacies G1, and is more commonly observed in lithofacies G3 (Agglutinated Stromatolite). 
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Fenestral porosity may be used as an indication of paleo organic presence within the rocks. The 
laminoid fenestrae observed in thin section may be a product of algal and/or microbial mat decay 
within the sediment as well as accumulation of fluids within pockets and shrinkage as the 
sediment dries (Tebbutt et al., 1965).  
 Other porosity types include moldic porosity which is well developed in most samples in 
the form of ooid or peloid molds, commonly within the cortices or nuclei of the grains. 
Interparticle porosity is present but not very common, due to the agglutinated nature of the 
grains. Intraparticle porosity is also uncommon but can be present in the form of microporosity 
within the agglutinated and surrounding grains. Framework porosity is present in samples 
displaying micordigitate and dendrolitic forms, that are typically partially filled with grains, 
sparry cement, or micrite. Finally, microporosity occurs within the micrite and between clotted 
micropeloidal micrite grains and is relatively common. Visual estimation of porosity is about 
15%, and ranges from 5% to 20%.    
 Association with other facies and occurrence in Lake System: lithofacies G1 occurs 
throughout the Green River Formation in all but Lake Stages 4 (Rising Lake) and 5 (High Lake). 
It is most abundantly present in Lake Stage 3 (Highly Fluctuating Lake), and typically occurs 
near the bottom of each carbonate bed set, but may also be present in the middle. Lithofacies G1 
most commonly underlies lithofacies G3, E, and C. It is observed using these lithofacies as stable 
substrates for growth. Crinkly varieties are also observed interbedded with laminated shales, and 
underlying lithofacies C and F, and less commonly lithofacies G2, G4, and H2. Other less 
common overlying lithofacies include: A, D, E, F, G3, G4, G5, and H1. Underlying stromatolite 
subfacies are G4 and G5, and lithofacies H1 and H2.  
 Interpretation: Microbialite depositional environments are dominantly within the 
sublittoral (fair-weather wave base to storm wave base) to littoral (shoreface) zones. Their 
relative water depths are interpreted to be directly reflected in their megastructures. Lithofacies 
G1 is interpreted to have been deposited in a range of water depths from the lower littoral zones, 
where it forms small domes and is laterally associated with lithofacies C and E; upper and 
middle sublittoral, where it forms large laterally linked hemispheroids; and lower sublittoral 
zone, where microbialite colony size decreases forming small isolated domes and crinkly variety 




Figure 5-7: Photomicrographs of lithofacies G1. A) Bed contact between G1 and oncoidal (On) 
stromatolite G5. Alternating laminations of clotted calcimicrite (Cal) and dolomicrite (Dol) form 
fenestral porosity subtype LF-A. B) Close up of figure A, showing microclotted textures 
surrounded by abundant fenestral porosity (Fen) and scattered amorphous pyrite, which is 
interpreted as evidence of organic origin. C) Fenestral porosity subtype LF-A within a dense 
(Den) clotted micrite framework, uncommon agglutinated peloids (P), and partial blocky calcite 
(B) cementation. D) Fenestral porosity subtype LF-B1with alternating laminae of dense clotted 
micrite (Den) and peloidal clotted micrite (Pel). E) Polished slab section of silicified lithofacies 
G1 showing partial silicification in darker brown areas, and well preserved embedment (Em) 
structure. F) photomicrograph from slab in figure E showing the contact between siliceous 





Figure 5-8: Subfacies G1, crinkly varieties. A) Outcrop image of subfacies G1 surrounded by 
ooids and peloids of lithofacies C. B) Photomicrograph of subfacies G1 showing high relief, and 
tight laminations consisting of dense clotted micrite with occasional agglutinated grains such as 
peloids (P). C) Polished slab sample of subfacies G1 showing LLH-C, grading into more digitate 
(DIG) forms of subfacies G2. D) Polished slab sample showing the different growth bands and 
stacking patterns of subfacies G1. E) photomicrograph showing microscale crinkly laminations, 





5.2.1.2 Lithofacies G, subfacies 2: Columnar Stromatolite 
 Columnar Stromatolites are characterized by their columnar and cylindrical shapes. They 
display fine to micro laminations that are consistently tight, ranging from 1 mm to 4 mm in hand 
sample, and 150 microns to 1 mm in thin section. They may occur as isolated columns, or as 
aggregates grouped along a common substrate, showing complex growth patterns that are 
affected by the surrounding matrix.  
 In outcrop, columnar stromatolites may occur near the bottom, in the middle, or near the 
top of a carbonate bed set. They have an average bed thickness of 12 cm, but can range from 4 
cm and upwards of 25 cm. Megastructures are typically biostromal, commonly display tabular 
geometries where aggregates of columns form along a tabular substrate (Figure 5.9 A). They 
may also occur as isolated hemispheroids, columns, domes, and less commonly as stratiform 
with an arched top. Stromatolite head geometries typically have greater heights than widths. 
Height ranges from 2 cm to 7 cm with an average of 5 cm, and widths range from 1 cm to 5 cm 
with an average of 3 cm. Beds are also commonly stacked, with multiple nucleation points in the 
lowermost layers, which then become substrates for further microbialite growth (Figure 5.9 A). 
 Macrostructures consist of a combination of complex arrangements and stacking patterns 
of individual or aggregate stromatolitic columns. LLH-C and SH-V are the most common 
structures (Figure 5.9 A). The columns typically start out as a LLH-C, which then evolve into 
SH-V as the interstitial space between each column becomes greater (Figure 5.9 E). Boundaries 
between columns are distinct and sharp. Some columns are laterally packed with no interstitial 
sediment, and some have interstitial spaces that can reach up to several cm wide.  Dendrolitic 
and digitate forms are also observed within the smaller columns. These forms commonly show 
complex branching arrangements that separate and coalesce creating interstitial spaces, ranging 
in width from 500 microns and up to 1 cm. Mesostructures are typically densely laminated, to 
microlaminated, with rare macro clotting occurring within the laminations.  
 In thin section, lithofacies G2 displays a consistent light to dark brown to greenish 
colored microlaminated texture, ranging from 150 microns to 1 cm, alternating between peloidal 
clotted micrite and dense clotted micrite (Figures 5.9 D and E). Other microtextures include 
peloidal micrite, calcimicrite, and dolomicrite. Digitate structures are common with a variety of 
forms including: vertically SH-V, SH-C, conical, dendrolitic, as well as LLH-C. These forms 
also show internal laminations that can be filled with ooids, superficial ooids, and peloids that 
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are typically <1mm in size. Ooids show poor concentric laminations and large nuclei.  Peloidal 
micrite grains and oxidized peloids are present. Quartz grains are angular to subangular, silt size, 
and uncommon. Ostracod shells are rare.  
 Primary porosity consists of fenestral, subtype LF-A, commonly found as microporosity 
within the laminations. Framework and interparticle porosity are poor due to interstitial grain 
infill. No secondary porosity is observed. Diagenetic features include complete and partial 
dolomitization. Partial dolomitization is fabric selective, enhancing internal laminations between 
the microtextures in the form of clotted dolomicrite and calcimicrite. This is especially the case 
within digitate heads, where the tip of some heads are commonly partially dolomitized (Figures 
5.9 E). Blocky/sparry calcite and dolomite cement is present in the interstitial spaces between 
columns and digitate forms. Equant microdolospar overgrowth is also observed filling fenestral 
pores. Visual estimation of porosity is less than 5% macroporosity, with a greater abundance of 
microporosity    
 Association with other facies and occurrence in Lake System: lithofacies G2 is relatively 
uncommon, and occurs in Lake Stage 1 (Fresh Lake), 2 (Transitional Lake), and 3 (Highly 
Fluctuating Lake). It is typically present in the middle or near the top of a carbonate bed set and 
is associated abundantly, laterally and vertically, with shales and claystones. Lithofacies G2 does 
not show a strong association with any lithofacies. It is, however, observed underlying lithofacies 
G3, G4, and G5. It is also observed overlying subfacies G1, G3, and E.   
 Interpretation: Due to the sparse presence of lithofacies G2, along with the common 
association with shales and claystones, it is interpreted to have been deposited in a deeper setting 
than lithofacies G1, G3, G4, and G5. The relatively smaller colony sizes and larger heights 
versus widths, are interpreted to be a direct result of higher water columns, where light is sparse. 
This in terms forces microbialite colonies to grow vertically in order to gain nutrients for 
survival, rather than growing laterally. Lithofacies G2 is interpreted to be deposited within the 
lower sublittoral zone.  
5.2.1.3 Lithofacies G, subfacies 3: Agglutinated Stromatolite 
 Agglutinated stromatolites are characterized by the abundance of agglutinated grains 
incorporated into coarse grained clotted to crudely laminated micrite. A 50% cut off is used to 
distinguish lithofacies G3 (Agglutinated Stromatolite) from lithofacies G1 (Fine Grained 
Stromatolite), even though both show similar characteristics such as fine laminations and 
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Figure 5-9: lithofacies G2. A) Outcrop of lithofacies G2 showing a variety of forms. Lowermost 
bed shows mm sized columns, middle and upper G2 beds show larger cm sizes columns overlain 
by lithofacies G4. B) Outcrop image of LLH-V subtype of lithofacies G2. C) Outcrop image of a 
mushroom-like microbialite colony containing lithofacies G1 in the lower half that gradually 
transitions into lithofacies G2 in the upper half of the dome. D) Photomicrograph of lithofacies 
G2 showing typical columnar and digitate forms, and the clotted micrite (CMic) within the 
interstitial spaces indicating an organic origin as well. E) LLH-C type in thin section. 




agglutinated grains. This subfacies commonly shows an abundance of grains that are crudely 
laminated and bound together through clotted micrite layers. Laminations are generally on the 
scale of 1 cm to 2 cm thick, but can also be as thin as 1 mm to 5 mm thick. Some intervals show 
no apparent laminations in hand sample or outcrop, but thin sections show some degree of 
lamination within the microbialites.  
 In outcrop, lithofacies G3 occurs as crudely laminated low relief domes that are 
commonly surrounded by non-microbial lake margin carbonates (Figure 5.10 A and B). Beds 
range in thickness from 5 cm and upwards of 20 cm, with an average thickness of 10 cm. 
Megastructures are dominantly biostromal, but are also observed as biohermal. Biostromes are 
typically stratiform with arched tops, stratiform, aggregate domes, and are also less commonly 
observed as isolated domes, hemispheroids, and tabular. Lateral extent is on the scale of several 
meters, but can also be very discontinuous and sporadic. Stromatolite head forms are typically 
low relief, with widths averaging at 20 cm, and heights averaging at 8 cm. Maximum widths 
observed in the field reach up to 50 cm (rare), and the minimum widths are roughly 3 cm. 
Heights can also range from 2 cm and up to 20 cm.  
 Macrostructures are typically simple, and do not show a lot of branching or aggregation. 
Stacking patterns dominantly show LLH-C, with occasional LLH-S, and SH-C. Other forms 
include low relief, gentle, thin domes and clustered hemispheroidal heads with abundant 
embedment structures (Figure 5.10 C). Mesostructures are dominantly crudely laminated, with 
some degree of clotting observed. Most samples have a grainy texture, which is a direct 
correlation with the agglutinated nature of these stromatolites.  
 In thin section, lithofacies G3 show light to dark brown to greenish colored crude 
laminations on the scale of 3 mm to 5 mm. Alternating laminae are commonly between 
microclotted textures and agglutinated grains. Common microtextures include: clotted 
dolomicrite, coarse clotted micrite, dense mesoclotted micrite, mesoclotted micrite with 
dendrolitic framework, peloidal clotted micrite, agglutinated clotted micrite and dense clotted 
micrite (Figure 5.10 D, E, F, and G). Agglutinated and associated grains are abundant, and are 
most commonly spherical to subspherical peloids, ooids, and superficial ooids that are <2 mm in 
size. Some samples contain agglutinated ostracods that are generally <1 mm in diameter, silt 
sized quartz grains are also common showing angular to subangular forms. Rare skeletal 
fragments are observed agglutinated, and are dominantly fragmented fish bones (Figure 5.10 G). 
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Some samples examined contain mesoclots that form 1 mm to 3 mm subround to digitate clots. 
Dendrolitic frameworks are observed in peloidal clotted micrite layers. 
 Dominant primary porosity is fenestral and interparticle. Fenestral pores can be of 
subtype LF-A: micritic elongate horizontal fenestrae or more commonly subtype LF-B2: 
Laminoid to irregular laminoid fenestrae (high detrital content) (Figure 5.10 D, E, F, and G). 
Other pore types include framework, and interparticle. Pore spaces may also be filled with 
clotted micrite, peloidal micrite grains, or blocky/sparry calcite or dolomite cement. 
Dolomitization is pervasive and commonly fabric non-selective. A few samples show fabric 
selective dolomitization with alternating laminae between dolomicrite and calcimicrite. Visual 
estimation of porosity is about 15%, but can vary between 5% and 20%.   
 Association with other facies and occurrence in Lake System: lithofacies G3 is very 
common throughout the Green River Formation, and is observed in all Lake Stages but Lake 
Stage S5 (High Lake). Overall, it is commonly associated with coarse grained non-microbial 
lacustrine margin lithofacies, rather than fine grained shales, claystones, and mudstones. It is 
associated with lithofacies G1, and G4 where it is commonly observed interbedded with these 
lithofacies. Lithofacies G5, H2, and E are also commonly observed interbedded with lithofacies 
G3. Other associations include interbedding with lithofacies G2, A, C, and D.  
 Interpretation: The abundance of agglutinated grains that include ooids, peloids, 
intraclasts, and bone fragments, is indicative of deposition in waters that are constantly being 
agitated. Coupled with the common association with lithofacies E and F, lithofacies G3 is 
interpreted to be deposited within the upper littoral to upper sublittoral zone.   
5.2.1.4 Lithofacies G, subfacies 4: Dendrolitic Stromatolite 
 Dendrolitic Stromatolites are characterized by alternating crude coarse laminae, 0.5 cm to 
3 cm thick, of clotted dendrolitic framework structures and agglutinated grains bound by clotted 
interstitial microbial micrite. Crude laminations are enhanced by alternating colors of yellowish-
tan and light brown colors. Dendrolitic branches are very characteristic, and occur in a range of 
sizes and shapes. In outcrop, lithofacies G4 appears as a cluster of clotted “shrubs” that are 
stacked forming crude laminations. Bed thickness varies between 5 cm and 40 cm, with an 
average of 21 cm. These microbialites typically occur on top of other microbialites, forming caps 






Figure 5-10: Subfacies G3. A) Outcrop image of subfacies G3 laterally associated with 
lithofacies E, and occurring as isolated and stacked microbialite colonies. B) A different form of 
subfacies G3 showing a more laterally consistent stratiform nature with arched top megastructure 
of the underlying and overlying lithofacies E. C) polished slab section showing the abundance of 
agglutinated grains within a crudely laminated biostromal/biohermal structure. D) 
Photomicrograph of lithofacies G3 showing the abundance of agglutinated grains, especially 
peloids (P), and well-developed fenestral (Fen) and interparticle (Int) porosity. E) 
Photomicrograph showing lithofacies G3 nucleating on top of lithofacies C with abundant 
agglutinated grain, ooids (O) quartz (Qtz) surrounded by a clotted micrite (CMic) matrix). F) 
Well developed fenestral porosity subtype LF-B2, as well as moldic (Mol) porosity with a 
clotted micrite (CMic) matrix. G) Very diverse mixture of grains consisting of coated intraclasts 
(CIn), skeletal fragments (SF), and peloids (P) agglutinated together in a dense clotted micrite 






Megastructures most commonly display biohermal to biostromal mounds; forming broad 
low relief hemispheroids ranging in height from 5 cm to 40 cm, with an average of 15 cm. Width 
ranges from 12 cm to 60cm, with an average of 37 cm. Microbialite heads are most commonly 
stratiform with arched tops, aggregate domes, stratiform, and less commonly form isolated 
domes or tabular megastructures. Domes and hemispheroids form the largest sizes of 
microbialite heads observed in the field when compared to the other subfacies.  
 Lithofacies G4 typically form large, broad, low relief LLH-C macrostructures. Other less 
common macrostructures include LLH-S and SH-C. Hemispheroids tend to be stacked on top of 
one another, forming thick microbialite beds that are latterly extensive and continuous (Figure 
5.11 A and B). Dendrolitic frameworks are very characteristic of the mesostructure, forming 
mesoscale clotted shrubby fabrics that are interrupted by detrital grains that are agglutinated 
within the interstitial spaces, and as individual layers (Figure 5.12 B, E and F). Individual clotted 
dendrolitic “shrubs” can reach up to 2.5 cm in height and 1 cm in width, and are also observed 
on the microscale (Figure 5.10 D).  
 In thin section, lithofacies G4 displays a wide variety of microstructures that include 
clotted, laminated, and agglutinated varieties. The most common microstructures observed are 
alternating crude laminations of less porous mesoclotted (mm-scale clots) micrite forming 
dendrolitic frameworks, alternating with porous peloidal clotted micrite forming micro branching 
structures (sub mm scale) (Figure 5.12 A and B). Alternating laminae are on the scale of 5 mm to 
10 mm, some samples show no laminations, but rather an amorphous mixture of microstructures.  
 Mesoclots show poor microlaminations within, that may be partially dolomitized, but are 
more commonly completely dolomitized (Figure 5.12 C, D and E). Dendrolitic mesoclots reach 
up to 10 mm in height, and 5 mm in width. They commonly form SH-V, and may also display 
branching and coalescing textures. Less commonly, some mesoclots appear as oblong 
subspherical shapes with no branching (Figure 5.12 E). Peloidal clotted micrite laminae are very 
porous containing most of the porosity in these samples in the form of fenestral laminoid 
porosity subtype LF-B1: Irregular laminoid fenestrae (low detrital content) and subtype LF-B2: 
Laminoid to irregular laminoid fenestrae (high detrital content). Peloidal clotted micrite is 
associated with abundant agglutinated grains such as superficial ooids and peloids (<1mm in 
size), silt sized subangular to angular quartz grains, and less commonly ostracod shell fragments 
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and bivalve shell fragments. The grains may be agglutinated within the mesoclotted framework 
dendrolites, but more commonly fill interstitial spaces.  
 Spherical molds that are interpreted either as spore cases or gas bubbles are present in a 
number of samples. When present, they are very abundant and appear as agglutinated grains 
either within mesoclots or within the interstitial spaces between the dendrolitic mesoclotted 
frameworks. Agglutination within the interstitial spaces is through a dense clotted micrite matrix. 
Spore cases range in size from 150 to 250 microns in diameter, they are perfectly spherical and 
may contain remnant spores (?) that appear as opaque grains roughly a third of the size of the 
case (Figure 5.12 D and F). Up to three spore grains are observed within a single spore case.  
 Lithofacies G4 shows the most porosity of all the other subfacies. Primary porosity is in 
the form of micro and macroporosity. Macroporosity is observed predominantly as framework 
and fenestral porosity. Framework porosity is present because of the dendrolitic framework 
structures formed by the mesoclotted dendrolites. Grains may also fill these interstitial spaces, 
along with peloidal micrite grains, clotted micrite, and sparry cements. Fenestral porosity is very 
well developed, and is dominantly concentrated within the peloidal clotted micrite layers. 
Subtype LF-B2: Laminoid to irregular laminoid fenestrae (high detrital content), is the most 
common type of fenestral porosity (Figure 5.12 A and B). Agglutinated grains also form 
interparticle porosity. Secondary porosity is in the form of fractures, and moldic porosity; 
commonly formed through the molds of spore cases. Visual estimation of porosity ranges from 
3% to 25%, with an average of 12%.  
 Diagenetic features include complete and partial dolomitization, micritization, 
blocky/sparry calcite and dolomite cement filling framework, interparticle, and fenestral pores. 
Equant dolomicrospar overgrowth more commonly fill moldic pores, especially within the spore 
case molds. Dolomitization is less commonly fabric selective, where calcimicrite is 
interlaminated with dolomicrite within mesoclotted dendrolitic frameworks. This type of 
dolomitization may also enhance microlaminations and dendrolitic structures within mesoclots. 
 Association with other facies and occurrence in Lake System: lithofacies G4 occurs in 
Lake Stages S2 (Transitional Lake) and S3 (Highly Fluctuating Lake). There is no preference on 
where it occurs stratigraphically in a given carbonate bed set. Strong vertical and lateral 
associations are observed with lithofacies G1 and G2. It commonly uses lithofacies G1, G2, G5, 
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D, and E as a substrate for microbial stabilization and growth. It is also observed underlying G1, 
G2, G3, G5, D, and E. 
 Interpretation: lithofacies G4 is interpreted to be deposited within a moderately deeper 
setting than lithofacies G3. The large domical and laterally linked hemispheroids, coupled with 
the lack of association with higher energy lithofacies of facies association 1, are indicative of a 
middle sublittoral setting; where occasional storm waves disturb the water. The microbialite 
colonies are not affected by constant wave agitation, allowing for lateral growth creating large 
microbialite bindstones.  
5.2.1.5 Lithofacies G, subfacies 5: Spheroidal/Oncoidal Stromatolite 
 Spheroidal /Oncoidal Stromatolites are characterized by spherical to subspherical, draped 
to concentrically laminated oncoids. Microbial oncoids may occur in well sorted clusters, as 
isolated oncoids, or as large oncoids forming the nuclei of other microbialite buildups. Oncoidal 
stromatolite colors may vary from brown to light yellowish and tan.  
In outcrop, lithofacies G5 most commonly occurs near the base of a carbonate bed set, and is 
typically associated with non-microbial lake margin carbonate facies. Average bed thickness is 
roughly 14 cm, and can vary from 3 cm to 30 cm. Lower contacts are gradational, where 
lithofacies G5 commonly overlies non-microbial lake margin facies, while upper contacts are 
typically sharp and distinct, commonly overlain by other microbialite facies. Megastructures are 
dominantly spherical to subspherical. Both symmetric and asymmetric forms are observed. 
Average diameter of a spheroidal/oncoidal stromatolite is 6 cm, although they have been 
observed as small as 1mm in diameter, and as large as 30 cm in diameter (Figure 5.13 A).  
In outcrop, lithofacies G5 most commonly occurs near the base of a carbonate bed set, 
and is typically associated with non-microbial lake margin carbonate facies. Average bed 
thickness is roughly 14 cm, and can vary from 3 cm to 30 cm. Lower contacts are gradational, 
where lithofacies G5 commonly overlies non-microbial lake margin facies, while upper contacts 
are typically sharp and distinct, commonly overlain by other microbialite facies. Megastructures 
are dominantly spherical to subspherical. Both symmetric and asymmetric forms are observed. 
Average diameter of a spheroidal/oncoidal stromatolite is 6 cm, although they have been 




Figure 5-11: lithofacies G4. A) Outcrop picture showing LLH-C in a biostromal stratiform 
geometry with arched top megastructure, and extensive lateral continuity of the hemispheroids 
indicative of a middle sublittoral environment. B) Outcrop picture of LLH-C overlain by 
thrombolitic lithofacies H. Lateral continuity of lithofacies G4 makes it difficult to distinguish 
individual hemispheroids. C) Outcrop picture of a single domal microbialite colony containing 
subfacies G4 overlain by thrombolites. D) polished slab section from outcrop in C, showing the 
shrub-like meso-texture of subfacies G4. E) Outcrop picture from the uppermost bed on the 
White Face Butte outcrop showing a dominant dendrolitic stromatolite presence forming 
laterally linked hemispheres surrounded by shales and mudstones. F) Plan view of the outcrop in 










































Figure 5-12: Photomicrographs of lithofacies G4. A) dendrolitic and digitate (Dig) framework of 
lithofacies G4 overlain by an open meshwork of peloidal clotted micrite. B) Peloidal clotted 
micrite (PC) overlain by digitate fabric, and embedment (Emb) structure filled with quartz grains 
(Qtz). Fenestral porosity is well developed within the peloidal clotted micrite, while framework 
porosity is better developed around the digitate forms. C) Mesoclotted micrite (MC) showing 
partial dolomitization, and rare gypsum crystals (Gp) within the framework porosity (F). D) 
Different form of mesoclotted micrite (MC) showing a more digitate structure and an abundance 
of agglutinated spore cases (Sc). E) Crinkly mesoclots separated by embedment (Emb) structures 
that are filled with blocky cement (B) and peloids (P). The microbialite colony is growing on top 
of clotted micrite (CM). F) Mesoclotted (MC) digitate forms surrounded by spore cases (SC), 





 Lithofacies G5 displays two dominant macrostructures: 1) spheroidal structure around a 
nucleus with randomly overlapping laminae (SS-R), which is the most common type of 
macrostructure observed (Figure 5.13 C and E). 2) Spheroidal structure around a nucleus with 
concentric structures (SS-C), which is also common in the field area (Figure 5.13 B, D, and F). 
Other macrostructures include vertically arranged concentric cylindroids with various diameters 
(VCC-V) (Figure 5.13 A), and less commonly spheroidal structure around a nucleus with 
inverted laminae (SS-I). Mesostructures are both laminated and clotted in the form of concentric 
laminations and draping laminations. Nuclei are observed to be intraclastic fragments (micritic, 
oolitic, quartzose, or even microbialite intraclasts). They can also consist of peloids, ooids, 
bivalve fragments, or ostracod shell fragments. Nuclei range in size depending on the size of the 
oncoids, with larger oncoids having larger nuclei and smaller oncoids having smaller nuclei.  
 In thin section, lithofacies G5 displays laminated, microlaminated, and clotted textures. 
Microtextures include: laminated peloidal clotted micrite with dense clotted micrite, and 
laminated dolomicrite with calcimicrite. Each thin section studied showed different oncoidal 
shapes, microtextures, and forms. Concentric laminations are observed on the scale of 50 
microns and upwards of 4 mm thick. Laminae include clotted calcimicritic textures forming 
poorly developed dendrolitic forms, that alternate with dense clotted dolomicrite (Figure 5.13 G). 
Smaller oncoidal samples tend to be very well sorted, spherical, and show well developed 
concentric laminations (Figure 5.13 D). While larger oncoidal samples tend to be poorly sorted, 
with oblong and subspherical shapes (Figure 5.13 A).  
 Agglutinated and interstitial grains are very common, and include silt sized quartz grains 
(subround to subangular) that may aggregate in stringers between laminae, peloids, ooids, and 
superficial ooids (<1mm in size), as well as ostracod shells which are more commonly found in 
interstitial spaces. Fish fragments are observed but rare. Ooids and superficial ooids show 
concentric laminations with quartz grains, peloids, and ostracod shell fragments as their nuclei.  
 Primary porosity is in the form of fenestral and framework porosity. Fenestral porosity is 
dominantly present within the peloidal clotted micrite layers as subtype LF-B2: laminoid to 
irregular laminoid fenestrae (high detrital content), and may also be present as microporosity. 
Framework porosity is not as well developed, and commonly filled with detrital grains. 
Secondary porosity is well developed as moldic porosity, especially when ostracods are present. 
Ooids may also show moldic porosity through spalled cores. Spore cases may also develop 
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moldic pores. Secondary porosity is present as fracture porosity. Visual estimation of porosity 
ranges between 5% to 20%, with an average of 12%.  
 Three out of the seven thin section samples studied were completely dolomitized, the 
other four had partial fabric selective dolomitization. This type of dolomitization enhances 
microlaminations, and also displays a blotchy texture within the peloidal clotted micrite. 
Interstitial and agglutinated grains are also typically dolomitized, ostracod grains, however, have 
dolomicrite interiors and calcitic shells (Figure 5.13 D, F, and G). Interstitial spaces may be 
filled with blocky/sparry dolomite and calcite cement. Fenestral pores commonly show 
microdolospar overgrowth.  
 Association with other facies and occurrence in Lake System: lithofacies G5 is very 
common throughout the Green River Formation, and occurs in all but Lake Stage S5 (High 
Lake). It is typically observed near the base of a carbonate bed set, and is highly associated with 
lithofacies G3, G4, and C. It is also observed in vertical and lateral association with lithofacies 
G1, G2, G3, H1, A, B, D, E, and F. The largest oncoids observed in the field occur in bed set 
G.R.8, where individual oncoids can each up to 30 cm in diameter (Figure 5.13 A). These large 
microbialites form in aggregated colonies that span several meters in width. Lateral pinchouts are 
associated with lithofacies D, and with large sandstone bodies interpreted as distributary 
channels.  
 Interpretation: lithofacies G5 is interpreted to be deposited in a high energy environment 
that experiences episodic water agitation. The concentric laminations, and association with ooids 
and lithofacies C, is suggestive of a shoal environment where waves, especially storm waves, 
allow for grains to roll around and grow concentrically. Lithofacies G5 is interpreted to have 
been deposited throughout the littoral zone.  
5.2.2 Lithofacies H: Thrombolite  
 Thrombolites are described to have a blotchy and un-layered mesofabric (Figure 5.14 A); 
and commonly show aggregates of clots that look like “thumbs” (Figure 5.14 B). Clottedness 
replaces laminations in thrombolites, and can show different degrees of clottedness. Three 
different types of thrombolites are observed in the Green River Formation within the Uinta basin 




Figure 5-13: lithofacies G5. A) Outcrop picture of unusually large oncoidal stromatolites with 
concentric laminations that display shrub like textures. These large sizes are only observed in 
bed set G.R.8. B) Polished slab of subfacies G5 showing the different diagenetic features: lower 
darker section is dominantly dolomitic, upper lighter section is dominantly calcitic. Note the 
draping laminae of subfacies G1. C) Polished slab showing the complexity of a large oncoidal 
stromatolite. The nucleus is made up of fragmented intraclasts (Int). D) Photomicrograph 
showing spherical forms of lithofacies G5, and abundance of fenestral porosity within the 
concentric laminations. Nuclei (Nu) are commonly made up of peloids or quartz grains. Moldic 
porosity (Mol) is common, along with concavo-convex (CC) grain contacts. Arrow on the right 
points to a spalled oncoid. E) Photomicrograph of sample in C showing the complexity of 
internal laminations within lithofacies G5, and abundance of quartz grains within the embedment 
structure (Emb). F) Oncoid grains cemented together by a micritic meniscus (Min) cement. The 
nuclei of some of the oncoids are made up of ostracod shells (Ost). Sutured (Su) grain contacts 
are common. G) Large elongate oncoid surrounded by ostracod shells. The nucleus is composed 





The processes involved in thrombolitic microbialite formation are similar to those of 
stromatolite formation. Calcification is from cyanobacteria, the dominant bacteria involved in 
carbonate microbial colonies (Riding, 2000). Agglutination forms by trapping and binding 
sediment that range from silt to gravel size, and can create many different complex structures 
within the thrombolites (Riding, 2000).  
 Thrombolites at White Face Butte are characterized by large microbial build ups, 
displaying distinct coarse clotted branching textures similar to dendrolites but larger in size. 
They differ from lithofacies G4 in that they are not laminated, more amorphously structured, and 
lack fine branching textures. Colors vary from dark brown, to dark tan, and may contain black 
colored smears. 
 In outcrop, lithofacies H shows the largest bed thicknesses out of all the microbialite 
deposits, and ranges between 4 cm and 65 cm, with an average bed thickness of 25 cm. They 
commonly form as large mounds near the top of a carbonate bed set, or near the base of a 
microbialite bed set overlying other microbialites and associated with non-microbial lake margin 
carbonates. They are relatively uncommon in the field area. Megastructures consist of large 
mounded biohermal deposits that are commonly arborescent, linked domed, stratiform with 
arched tops, and less commonly as isolated domes, columnar hemispheroids, and stratiform 
(Figure 5.14).  Thrombolites may form as small branching caps on top of other microbialites as 
small as 4 cm in height and 10 cm in width. This from is very characteristic of subfacies H1 
(Arborescent Thrombolite) (Figure 5.14 D). They may also form as large individual and 
aggregate build ups reaching 45 cm in height and 90 cm in width, which is typical of subfacies 
H2 (Coarse Agglutinated Thrombolite) (Figure 5.14 A, B and C). These structures are typically 
observed as low relief, lobate domal heads, with a complex internal mesostructure.  The third 
subfacies, H3, is characterized by small lobate heads reaching up to 30 cm in width, and 10 cm 
in height. They occur as isolated biohermal build ups encased in claystones and shales (Figure 
5.14 E).  
 Lithofacies H1 is characterized by an arborescent framework, forming thick 0.5 cm to 2 
cm wide clotted and branching “thumbs” that can extend up to 3 cm in height (Figure 5.14 D). 
These arborescent “thumbs” display macroscopically “shrubby” and branching patterns, creating 
abundant framework and vuggy porosity. The “thumbs” coalesce and diverge near the base or 
the top of the thrombolites.  
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 Lithofacies H2 on the other hand does not show branching or “shrub” like 
macrostructures. It is characterized by coarse clotted round, lobate, and grapelike calcified 
mesoclots that mimic aggregate and agglutinated pebbles with diameters reaching 4 mm, 
surrounded by other siliciclastic grains and micrite (Figure 5.14 C). Some of these coarse 
“grains” may aggregate forming grape-like or amoeboid macrostructures, displaying oblong and 
subspherical shapes. Cerebroid macrostructures are also observed but are rare.  
 Lithofacies H3 is characterized by a fine sponge-like open meshwork of calcified 
microbes. This macrostructure is characteristically yellow, with finer gray streaks commonly 
incorporated into the microbialites. Macrostructures are typically crude, and can form cerebroid 
to prostate forms. Characteristic “chevron” fold-like macrostructures are also observed within 
this subfacies, commonly forming as small caps, 1cm to 1.5 cm thick, on the top of the 
thrombolitic heads (Figure 5.15 E and F).  
 Mesostructures in all subfacies are dominantly clotted with no laminations. Although 
some arborescent thrombolites may show rare fine crude laminations that grade into columnar 
subfacies G2 (Columnar Stromatolite).  
 In thin section, lithofacies H is characterized by non-laminated mesoclotted micrite 
having a blotchy texture, mixed in with peloidal clotted micrite, and abundant agglutinated 
grains (Figure 5.15). Mesoclots are observed to range in size from 2 mm to 5 mm. Some 
mesoclots are round, some show elongate shapes and arborescent shapes. Similar to their 
macrostructures, thromboids combine forming coarse dendrolitic framework structures within 
subfacies H1 and H2. Mesoclots may also contain agglutinated spore cases that are small (150-
200 microns), form perfect spheres that can be molds, or filled with spores (?), or may be 
partially filled with equant euhedral dolomicrospar overgrowth around the walls. Subfacies H3 
has a different appearance in thin section. It commonly shows crude microstructures made up of 
mesoclots with an internal open meshwork fabric consisting of either dolomite or calcite 
subhedral micro-spar. This subfacies is distinctively non-micritic when compared to subfacies 
H1 and H2 (Figure 5.15 E and F).  
 Subfacies H1 and H2 commonly show mesoclots that are surrounded by an abundance of 
agglutinated grains, which may consist of broken up and well preserved ostracod shells (Figure 
5.15 A, B, C, and D). Subspherical peloids (<0.5 mm), peloidal micrite grains, and silt sized 
subangular quartz grains are also observed filling interstitial framework pores, commonly 
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engulfed in a dolomicrite and clotted dolomicrite matrix. Subfacies H3 is associated with micritic 
stringers, and occasional silt sized angular quartz grains suspended in a micritic matrix. Spore 
cases are also observed and are agglutinated within the microbialite framework. 
  Porosity occurs both on the macro and micro scales. Macro scale porosity is observed in 
hand samples and in outcrop as vuggy and framework porosity. Microscale porosity is 
dominantly framework (between mesoclots), interparticle, and secondary intraparticle and 
moldic (dominantly as spore case molds within mesoclots). Porosity averages relatively high at 
20%, with a narrow range from 10% to 25%, based on visual estimations from thin sections. 
Other types of porosity include fenestral subtype LF-B2: laminoid to irregular laminoid fenestrae 
with a high detrital content.  
 Diagenesis is dominated by pervasive dolomitization that is typically fabric non-
selective. Mesoclots are almost entirely dolomitized with common calcite rims within subfacies 
H1 and H2. Calcitic mesoclotted cores are also observed, but are less common. All other grains 
tend to be dolomitized as well. Cements aren’t very common, but are observed partially filling 
fenestral and framework pores as blocky/sparry calcite and dolomite cements. Equant 
microdolospar is more common, partially filling spore cases. Colors in thin section commonly 
show brown to dark brown, and green colors, that may indicate a reducing environment. 
Mesoclots also commonly show sutured and concavo-convex contacts.  
 Association with other facies and occurrence in Lake System: lithofacies H is relatively 
uncommon throughout the field area and are observed in all lake stages. They typically form near 
the top of a carbonate bed set. The different subfacies occur at different parts of the lake systems, 
and are associated with different lithofacies.  
 Subfacies H1 only occurs in the lower parts of the Green River Formation in Lake Stage 
S1 (Fresh Lake) and Lake Stage S2 (Transitional Lake). This subfacies forms small thrombolitic 
heads that cap lithofacies G1 (Fine Grained Stromatolite), and underlie either shale or lithofacies 
G3 (Crinkly Laminated Stromatolite). Additionally, H1 as occurs as large linked domes closely 
associated with lithofacies G4 (Dendrolitic Stromatolite).  
 Subfacies H2 is the most common subfacies, and occurs within Lake Stages S2 
(Transitional Lake), and S3 (Highly Fluctuating Lake). These thrombolites form very large, 
broad microbialite heads which can reach 90 cm in width and 45 cm in height. Underlying 
lithofacies typically provide cohesive substrate for large microbialite growth. These include G1 
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(Fine Grained Stromatolite), G4 (Dendrolitic Stromatolite), and G5 (Spheroidal/Oncoidal 
Stromatolite). Overlying lithofacies are G3 (Agglutinated Stromatolite), F, and more commonly 
laminated shale.  
 Subfacies H3 is the least common of the thrombolite subfacies, and only occurs near the 
top of the Green River Formation in Lake Stages S3 (Highly Fluctuating Lake) and S4 (Rising 
Lake). It is commonly encased by laminated shales and is laterally associated with lithofacies D.  
 Interpretation: lithofacies H is interpreted to be deposited within a wide range of 
depositional settings due to the diverse textures and associations with other lithofacies. H1 is 
interpreted to be deposited in a moderate energy environment with an abundance of sunlight for 
photosynthesis. The presence of agglutinated grains within this lithofacies, coupled with the 
common presence of spore cases may be suggestive of an active environment. Spore cases are 
interpreted to have come from algal material that grew alongside, or on top of subfacies H1 
within the lower littoral to upper sublittoral zones.  
 Subfacies H2 on the other hand does not indicate a strong association with spore cases. It 
characteristically forms very large low relief biohermal structures which are megastructures 
suggestive of a quieter and deeper environment. Therefore, subfacies H2 is interpreted to have 
been deposited within the middle sublittoral zone.  
 Subfacies H3’s distinctive association with oil shales and mudstones is suggestive of 
deposition in a deeper environment than subfacies H1 and H2. In addition, the isolated low relief 
domal nature of this subfacies is also indicative of a low energy deep water environment. Hence, 




Figure 5-14: Outcrop pictures of lithofacies H. A) Very large biohermal megastructures of 
subfacies H1 and H2, encased in shale (Sh). B) Biohermal colony showing the difference in size 
between individual H1 and H2 build ups. C) Large H2 biohermal structure showing evidence of 
gravitation, where coarse clots have been deformed downward. D) Shrub-like mesostructure of 
subfacies H1 interpreted to be associated with algal growth. E) Typical isolated bioherms of 





Figure 5-15: Photomicrographs of lithofacies H. A) Subfacies H1 mesoclots aggregating in a 
framework with an abundance of agglutinated grains: quartz (Qtz), ostracod shell s(Ost) spore 
cases (SC), and micritic grains (Mic). B) Close up of H1 mesoclots (MC) showing abundant 
spore cases containing remnant spores (?) (Sp), which are interpreted to have come from algal 
growth. C) Blotchy textured mesoclots typical of subfacies H2. Note the framework porosity (F) 
and the peloidal clotted micrite (PMic) infill. D) close up of a blotchy (BL) type mesoclotted 
thrombolite of H2 containing abundant agglutinated grains. E) “Chevron folds” (Ch) that are 
characteristic of subfacies H3, with an open meshwork forming abundant fenestral porosity 
(Fen). F) Open meshwork characteristic of subfacies H1, showing agglutinated quartz grains 





CHAPTER 6: STABLE ISOTOPE ANALYSIS RESULTS 
 Stable Isotope data are used in this study as a tool to understand the evolutionary trends 
of the marginal lacustrine carbonates. Combining field observations with δ13C and δ18O data puts 
these trends in a stratigraphic context, integrates the stable isotopes with depositional cyclicity 
and contributes to understanding the hydrologic state of the lake throughout the Green River 
Formation. (Pitman, 1996). 
 δ18O trends reflect lake inflow to evaporation ratios; where a fresher lake that has an 
increased water inflow into the basin is observed to have more negative δ18O values. More 
positive values indicate higher paleo temperatures, accompanied by an increase in salinity of the 
paleo-lake. Higher evaporation rates lead to an increase in fractionation and a relative increase in 
the heavier δ18O isotope (Pitman, 1996; Sarg et al., 2013).  
 δ13C trends reflect paleoproductivity and biologic processes in the lake by recording the 
compositions of dissolved inorganic carbon (DIC) contained in the sediment. More negative δ13C 
values reflect an increase in dissolved CO2 in the water, which could be sourced from older 
eroded carbonate rocks or higher levels of atmospheric CO2. Positive δ13C values may indicate 
an increase in biological processes involving photosynthesis, which enriches the system with 
13C; indicating a more hydrologically closed system and an increase in basin closure with high 
water residence time (Pitman, 1996; Sarg et al., 2013).  
 This study analyzed 118 bulk powder samples for δ18O and δ13C throughout both the 
White Face Butte and Park Canyon outcrops. All but five of the samples analyzed were 
dolomite, and the rest were calcite. Figures 3.1 and 3.2 show the plotted sample trends for δ18O 
and δ13C along both outcrops. δ18O values from White Face Butte in this study range from -11.4 
to -0.08‰, with the majority of the samples clustering between -6.03 and -0.1‰; while values 
from the Park Canyon site showed a range between -2.27 and -0.23‰. δ13C values at White Face 
Butte range from -4.90 to +6.01‰, with the majority of the data clustering within a wide range 
between -4.90 and +4.5‰; while values from the Park Canyon site range from +3.37 to +5.60‰.  
 Two adjacent studies were conducted in the Uinta basin and the Piceance basin by 
Swierenga et al., (2015), and Sarg et al., (2012), respectively (Figure 5.14). The first study 
analyzed data from two carbonate beds along a 3-mile lateral extent in Evacuation Creek, 
resulting in δ18O values ranging from -7.4 to +0.7‰, indicating slightly heavier δ18O compared 
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to this study. δ13C values from the Swierenga et al., (2015) study show a range between +0.2 to 
+4.3‰, also indicating a heavier δ13C content.  
 The second study, conducted by Sarg et al., (2012), analyzed an equivalent section to the 
White Face Butte outcrop, called the Douglas Pass outcrop; which is located on the margin of the 
Piceance basin. This study shows δ18O values having a slightly heavier character than White 
Face Butte, ranging between -8.0 and +0.8‰. δ13C values however fall within the range of 
values in this study, plotting between-3.2 and +5.2‰. The similarity in values between both 
studies indicate similar depositional settings.  
 Figure 6.1 is a cross plot of δ18O vs. δ13C showing the five different trends in the 
Piceance basin and the Uinta basin. The data from this study is plotted in red and purple, and 
shows the largest span of data points. The range of the data, -6 to 0‰ for δ18O, and -5 to +4‰ 
for δ13C, shows a co-varying relationship between δ18O and δ13C throughout the Green River 
Formation, indicating a closed system throughout its depositional history. Furthermore, the 
increase in heavier values in both δ18O and δ13C may reflect an increase in organic activity, 
caused by the sequencing of light C and O. This is also the case for the data presented in Figure 
6.1 from Sarg et al., (2013); however, their study shows slightly heavier δ18O data points, 0 to 
1‰, suggesting more saline conditions in the Piceance basin; due to its smaller size and 
restriction, coupled with no major water inflow compared to the Uinta basin. Additionally, the 
data plotted in purple, representing the Park Canyon samples, show an overlap with some of the 














Figure 6-1: Cross plot of δ18O vs. δ13C for both the Piceance basin and the Uinta basin. The data 
in red represent the carbonate beds at the White Face Butte (WFB) outcrop for this study. The 
data in purple represent the carbonate beds at the Park Canyon outcrop for this study. The data in 
blue represents Sarg et al., 2012’s main trend from the Douglas Creek outcrop in the Piceance 
basin. Data in yellow represents Sarg et al., 2012’s second trend from the Douglas Creek outcrop 
in the Piceance basin. Data in green represent Swierenga et al., 2015’s study from Evacuation 
Creek within the Uinta basin.
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CHAPTER 7: DISCUSSION 
7.1 Carbonate Depositional Model in the Uinta basin 
Field observation of lacustrine carbonates of the Green River Formation indicate 
systematic vertical and lateral cyclicity within both the Uinta and Piceance basins. Figure 7.1 
shows an idealized model for lateral facies relationships observed in the Uinta basin through this 
study. The typical lateral facies associations change from littoral to sublittoral, which are both in 
the photic zone, to profundal representing deeper water lacustrine deposits. Littoral carbonates 
are comprised of carbonate shoals consisting of grain dominated carbonates such as ooids, 
ostracods, and pisoids; and comprises facies association 1 of this study: lake-margin carbonates. 
Lower littoral to sublittoral zone carbonates tend to be dominated by facies association 2: 
lacustrine microbial carbonates; which can also be interbedded with grainy carbonates. Profundal 
carbonates are dominated by extensive oil shale deposition and a lack of large microbialite build 
ups (Tänavsuu-Milkeviciene & Sarg, 2012). 
The White Face Butte and the Park Canyon outcrops contain the five lake stages of the 
Green River Formation, showing an evolution of the lake basin through time (Figures 3.1 and 
3.2). Vertical microbialite cyclicity observed in the field is a product of the lateral distribution of 
these deposits, as in figure 7.1. The stacking patterns observed within carbonate bedsets at White 
Face Butte and Park Canyon outcrops indicate deepening upward cycles reflected in the 
microbialite meso- and megastructures. The cycles observed in the field reflect type 1 
depositional cycles from Tänavsuu-Milkeviciene et al., (2017); which are characterized by 
finning-up and deepening-up littoral to sublittoral deposits. 
7.2 Carbonate Bed Set Cycles 
 Each carbonate bed set observed in the field displays one or two deepening 
upward cycles. Figure 7.2 shows a typical carbonate bed set measured from the White Face Butte 
outcrop along with an isotopic profile reflecting the chemostratigraphic evolution of the bed set 
cycle. Two deepening upward cycles are observed in this bed set and are interpreted based on the 
lithofacies’ stacking patterns, as well as the isotopic signatures. The base of each carbonate bed 
set typically starts with a cohesive sandstone body, interpreted by Tänavsuu-Milkeviciene & 





Figure 7-1: Idealized model of the lateral carbonate facies distribution observed in the Uinta 
basin. Facies associations change from littoral to sublittoral and into profundal. Grainy 
carbonates such as ooids, ostracods, and peloids dominantly occur in the littoral zone; while 
microbialite carbonates occur in both littoral and sublittoral zones; and pelagic carbonate oil 
shale deposits occur in the profundal zone.   
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Modified after Tänavsuu-Milkeviciene & Sarg, 2012 
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The first carbonate unit that appears above the sand bodies are commonly made up of 
quartzose-intraclastic-peloidal packstones, grainstones, and rudstones (lithofacies B, D, and E). 
This is commonly followed by stringers of peloid and ooid dominated packstones and 
grainstones (lithofacies C) which may also interfinger with spheroidal/oncoidal stromatolites 
(lithofacies G5). Laterally, all these lithofacies may pinchout into sandstone distributary 
channels. These lithofacies are dominantly deposited between the upper and lower littoral zones; 
where constant wave action and occasional storms provide ample energy restricting microbialite 
growth and allowing chemical precipitation in the form of ooids and pisoids (Figure 7.1 #1 and 
2).  
 Overlying the grainy carbonates, which are interpreted as moderate to high energy 
deposits, are typically fine grained stromatolites (lithofacies G1) that act as binding agents to the 
underlying loosely packed substrate (Figure 5.10 A). These stromatolites commonly form 
laterally discontinuous high relief domes with large nuclei, indicating a slight deepening in the 
water column which allows for microbialite colony growth. Once a solid substrate is established, 
larger microbialites start to form, creating abundant isolated domes and hemispheroids 
surrounded by ooids, peloids, and intraclasts. These microbialites tend to be in the lower littoral 
zone (Figure 7.1 #3), and are commonly observed as fine grained and agglutinated stromatolites 
(lithofacies G1, and G3) (Figure 5.10 B). Cohen et al., (1997) document similar successions in a 
lateral trend from upper to lower littoral zones, between 4 and 20 m, in modern Lake Tanganyika 
in East Africa.  
 Overlying these small and medium sized stromatolites are larger, broader, and lower 
relief microbialite hemispheroids. These biohermal and biostromal structures tend to have larger 
megastructure with laterally linked hemispheroids, forming large microbialite buildups with 
individual colonies reaching up to 70 cm thick, that are laterally continuous for 10s to 100s of 
meters (Figures 5.11 and 5.14). This succession indicates further deepening of the lake system, 
which is similar to Cohen et al., (1997)’s largest stromatolites in Lake Tanganyika, found at 
depths >20 m and forming biohermal buildups. At the White Face Butte outcrop these 
microbialites are in the form of dendrolitic stromatolites (lithofacies G4), as well as coarse 
grained thrombolites (lithofacies H2) (Figures 5.11, 5.14, and 7.1 #4).  
 The final stage of microbialite build up is typically marked by tabular and low relief 
microbialites. These are typically in the form of columnar stromatolites (lithofacies G2), crinkly 
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laminated and fine grained stromatolites (lithofacies G1) (Figure 7.2). These stromatolites are 
commonly interbedded and encased in laminated mudstones and oil shale indicating the deepest 
setting of the succession, interpreted to be within the lower sublittoral zone. 
 The isotopic values measured at each carbonate bed set throughout the Green River 
Formation vary depending on the bed set’s stratigraphic position. However, a consistent isotopic 
trend is observed at each bed set, where δ18O and δ13C values show a dominant positive 
excursion up-section. The two right columns of Figure 7.2 D provide an example of these trends. 
The first two sample clusters analyzed in this bed set are from medium sized domal agglutinated-
dendrolitic stromatolites (lithofacies G3+G4), and show relatively light δ18O values ranging 
between -6.03 and -4.37‰. These values indicate initial fresher and relatively shallow conditions 
within the lower littoral to upper sublittoral zones. The second set of samples are analyzed from 
larger hemispheroidal dendrolitic stromatolites (lithofacies G4); interpreted to be deposited in a 
slightly deeper environment where large laterally linked hemispheroids form. The δ18O isotopic 
values show a slightly heavier range, -5.57 to -4.44‰. These large hemispheroids are interpreted 
to represent the deepest lake level before a brief period of shallowing, represented by 
intraclastic-peloidal grainstone-rudstone (lithofacies E) with δ18O isotopic values between -3.72 
and -2.49‰. Moving towards the top of the section, we observe the heaviest δ18O values, ranging 
from -2.78 to -1.63‰, in agglutinated and dendrolitic stromatolites (lithofacies G3 and G4); 
representing increased restriction of the lake, causing higher salinity levels prompting an 
increase in organic activity. This is observed by the co-varying positive excursion of δ13C, which 
is a product of the removal of lighter C from the water during sedimentation.  
7.3 Microbialite Cycles 
 Seven individual microbialite hand samples were chosen to be analyzed in detail for δ18O 
and δ13C stable isotopes in order to examine potential lake water changes linked to microbialite 
subfacies. These samples represent all subfacies of lithofacies G, and were sampled based on the 
individual microtextures observed in thin section. The dominant microtextures observed and 
sampled are: peloidal clotted micrite, dense clotted micrite, dendrolitic clotted micrite, 




Figure 7-2: Carbonate bed set G.R.8. A: uninterpreted outcrop picture of carbonate bed set 
G.R.8, Jacob staff for scale. B: Interpreted outcrop picture of bed set G.R.8. Blue = lithofacies D 
and F (quartzose-peloidal-intraclastic grainstone-rudstone and quartzose wackestone); Red = 
lithofacies G5 spheroidal/oncoidal stromatolite); Yellow = lithofacies G3 and G1 (agglutinated 
and fine grained stromatolite); Green = lithofacies G1 (Crinkly laminated stromatolite); Purple = 
lithofacies G4 (dendrolitic stromatolite). C: Measured section of G.R.8 representing typical 
carbonate cycles observed at the White Face Butte outcrop; black arrows indicate relative lake 
levels, showing two deepening upward cycles interpreted through lithofacies and isotopic 
analysis. D: δ18O and δ13C isotopic profiles for 9 beds representing deepening upward cycles in 





Figure 7.3 shows the isotopic values of all seven samples plotted in relative depths to 
each other. The data does not show significant variation within each individual sample, however, 
the variation mostly occurs between samples taken from different carbonate bed sets in the Green 
River Formation. Furthermore, there was no strong trend observed for the individual 
microtextures sampled. This indicates relatively low small scale variation in the oxygen and 
carbon cycles within the microbialites, even though the textural variation within each 
microbialite can be significant.  
Figure 7.4 is an example of the textural variations observed within one of the samples 
analyzed. The lower parts of the sample consist of fine grained stromatolite (lithofacies G1) with 
alternating peloidal clotted micrite, agglutinated peloidal clotted micrite, and dense clotted 
micrite intervals. The first 4 isotope samples are within these microtextures, and plot within a 
very narrow range -2.52 to -2.23‰ for δ18O (Figure 7.4 D). The fifth data point was also 
sampled from agglutinated peloidal clotted micrite, however shows a strong negative excursion 
of δ18O, -3.42‰. This shift may be a product of a small seasonal freshening of the lake, resulting 
in less microbial activity as indicated by the negative excursion of δ13C from-2.07 to -2.54‰. 
The final data point was sampled from an arborescent thrombolite zone (lithofacies H1), showing 
an abundance of agglutinated spore cases in thin section (Figures 5.15 B and 7.4 B). The isotopic 
values of this lithofacies returns to the initial trend observed in the lower microtextures, 
indicating similar depositional conditions. 
7.4 Isotopic and Stratigraphic Evolution of Lacustrine Carbonates in the Uinta basin 
 The overall isotopic trends observed at White Face Butte, in Figure 7.5, indicate an 
overall positive excursion of δ18O and δ13C from the bottom of the section to the top. The 
positive excursion of δ18O is interpreted as an increase in salinity of the lakes through time; 
while the overall positive excursion of δ13C is interpreted as an increase in biological processes 
through photosynthesis in the paleo lake. Stratigraphically, this corresponds to an increase in 
microbialite deposits from the bottom of the section to the top; as the lake evolved from a 
fresh/mesosaline one in Lake Stage 1, to an unstable and highly fluctuating one in lake stage 3. 
Transitioning to the Park Canyon site, we observe an inflection point in the isotopic trends, 
indicating an overall negative excursion for both δ18O and δ13C (Figure 7.5). This is interpreted 
as a freshening of the paleo lake from the middle of lake stage 3, to the rising lake of lake stage 





Figure 7-3: δ18O and δ13C isotopic profiles of seven samples collected from White Face Butte 
showing detailed isotope sampling. Six different microtextures were drilled, represented by the 






Figure 7-4: A) Sample G.R.5.25.8, showing a domal fine grained stromatolite (lithofacies G1) 
overlain by an arborescent thrombolite (lithofacies H1). Red box indicates photomicrograph in 
B; black circles indicate micro-drilled samples in D. B) photomicrograph from A showing four 
distinct microtextures: 1) peloidal clotted micrite (Pel), 2) dense clotted micrite (Den), 3) 
dendrolitic clotted micrite (Dend), and 4) meso-clotted micrite (Th). Note that Th stands for 
thrombolite. C) Schematic sketch of sample in A illustrating the variations in the micro and 
mesotextures, showing the sharp transition between fine grained stromatolite and arborescent 
thrombolite. D) Isotopic profiles of the micro-drilled samples indicated in A and C. 
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7.4.1 Lake Stage 1 (Fresh to Mesosaline Lake) 
The base of the section contains a regionally correlative carbonate Long Point bed; which 
is also observed at the base of the Douglas Pass section in the Piceance basin. It consists 
dominantly of fresh water ostracods, bivalves, and gastropods. Isotopic values of the Long Point 
bed from both locations mark the lowest value for δ18O, -11.44 to -8.28‰ at White Face Butte, 
and -8.54 to -7.98‰ at Douglas Pass.  These low δ18O values are interpreted as indicators of a 
fresh lake, which correspond to Lake Stage 1: fresh to mesosaline lake, as interpreted by 
Tänavsuu-Milkeviciene & Sarg, (2012). 
 δ18O and δ13C isotope values show a strong positive excursion from the Long Point bed 
to G.R.1. This is interpreted as a transition of the paleo lake from a fresh water lake to a 
mesosaline one, corresponding to the first occurrence of microbialite deposits at G.R.1 in the 
Uinta basin. The positive excursion of δ13C values from -0.34 to +3.78‰ is interpreted as an 
increase in biological activities reflected in the heavier δ13C values produced by photosynthetic 
processes from the microbialites. G.R.1 also displays a wide variety of microbialite deposits (pie 
charts in Figure 7.5); from spheroidal/oncoidal stromatolites (lithofacies G5) to arborescent 
thrombolites (lithofacies H1) containing an abundance of spore cases agglutinated within the 
mesoclotted textures. The spore cases within the thrombolites may be indicative of algal 
presence, which contribute to the uptake of 13C out of the lake water, leaving heavy 13C in the 
microbialite deposits. 
7.4.2 Lake Stage 2 (Transitional Lake) 
 The initiation of lake stage 2 (transitional lake), in both the Piceance basin and the Uinta 
basin (Figure 3.1 and 7.5), marks a large siliciclastic input from the marginal settings in the form 
of discontinuous deltaic deposits. This transitional lake in the Uinta basin contains four major 
carbonate bed sets, G.R.2, 3, 4 and 5. Bed set G.R.2 is characterized by non-microbial lake 
margin carbonate facies association with relatively light δ18O isotopic values, -5.56 to -3.61‰, 
indicating a slightly fresher lake from the microbialite dominated bed set of G.R.1. δ18O values 
then show a positive excursion to -1.53‰ at bed set G.R.3, where spheroidal/oncoidal 
stromatolites (lithofacies G5) are present, suggesting more saline conditions.  
 Following that, bed sets G.R.4 and G.R.5 contain both facies associations, microbial and 
non-microbial, and indicate a range of δ18O and δ13C isotopic values ranging from -5.74 to -
0.75‰, with most of the data points plotting higher than -4.0‰. These values indicate another 
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positive excursion of δ18O values, indicting more saline conditions. δ13C values correspond to the 
same positive excursions, and are indicative of higher photosynthetic activity due to the 
abundance of microbialite deposits within G.R.4 and G.R.5 in the form of spheroidal/oncoidal 
stromatolites (lithofacies G5), dendrolitic stromatolite (lithofacies G4), agglutinated stromatolites 
(G3), fine grained stromatolites (lithofacies G1), arborescent thrombolites (lithofacies H1), and 
coarse grained thrombolites (lithofacies H2) (Figure 7.5 S2 pie chart).The microbialites in lake 
stages 1 and 2 however are composed of relatively small sized microbialite build ups of 
lithofacies G1, G3, and G5. These microbialites are dominated by high relief, small to medium 
sized domes and hemispheroids, ranging in average thicknesses from 6 cm to 13 cm and average 
widths of 13 cm.  
7.4.3 Lake Stage 3 (Highly Fluctuating Lake) 
 Bed set G.R.6, which is made up of quartzose-peloidal-Intraclastic grainstones to 
rudstones (lithofacies D), marks the first carbonate bed set in lake stage 3 (highly fluctuating 
lake) (Figure 3.1 and 7.5). It is interpreted as a lag deposit corresponding to an increase in water 
inflow into the basin, reflected by the overlying thick deltaic sand bodies (Figure 3.1). The 
middle and lower parts of lake stage 3 are characterized by an abundance of siliciclastic input, 
interrupted by thinner carbonate deposits. G.R.7 is sandwiched between thick deltaic sands, 
indicating a brief period of increased salinity during a dominantly high water inflow time in the 
paleo lake waters, also indicated by the positive excursion of δ18O values at G.R.7. Similarly, 
δ13C values show a positive excursion as well, suggesting an increase in biological activity in the 
paleo lake. 
 This highly cyclic period of significant fluctuations in lithofacies has been interpreted by 
Tänavsuu-Milkeviciene & Sarg, (2012) to represent fluctuations in dry and wet conditions. 
Increased runoff during wet times cause the deposition of lag deposits such as the one observed 
in bed set G.R.6. While arid periods causing higher salinity and alkalinity conditions resulting in 
the deposition of carbonate and microbialite beds, such as the ones observed in bed set G.R.7.  
 The middle zone of lake stage 3 is marked by an overall fining-up trend, and an abrupt 
change in lithofacies becoming more carbonate and microbialite dominated, along with littoral to 
sublittoral mudstones and siltstones. This zone is situated in the upper parts of White Face Butte, 
and the lowermost carbonate beds of the Park Canyon outcrop. It contains the thickest 
microbialite build ups in the whole Green River Formation at both locations; and is sandwiched 
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between bed set G.R.8 and bed set G.R.15 (Figures 3.1 and 3.2). These bed sets display large 
microbialite reefs ranging in size from 1.5 m to 2 m, containing individual microbialite colonies 
having an average thickness of 16 cm and an average width of 23 cm. The build ups are typically 
laterally continuous for 10s to 100s of meters, with an increase in broad hemispheroids of fine 
grained stromatolites overlain by crinkly laminated stromatolites (lithofacies G1), and columnar 
stromatolites (G2). Microbialites are commonly interbedded with mudstones and oil shales 
indicating a deepening environment.  
 The isotopic data are consistent with the stratigraphic observations indicating an overall 
deepening trend that corresponds to higher organic productivity, as well as higher salinity 
conditions in the paleo lake. δ18O and δ18C values both show continuous positive excursions, 
with occasional breaks, leading to the top of the White Face Butte outcrop which shows the 
heaviest δ18O values from -1 to -0.08‰ (Figure 3.1 and 7.5).  
 Bed set G.R.8 marks the transition from deltaic sand dominated deposition to carbonate 
microbialite dominated deposition (Figure 7.5). At this bed set, a lateral association between 
small distributary channels (several meters thick), and extensive biostromal/biohermal 
microbialite build up occurs. G.R.8 shows a wide range of δ18O and δ13C values reflecting the 
highly fluctuating nature of lake stage 3. δ18O values range from -6.03 to -1.39‰, while δ13C 
values range from -4.90 to +3.68‰ (Figure 7.2 and 7.5). Figure 7.2 shows the spot samples for 
the individual beds of G.R.8. The data show an overall positive excursion in both δ18O and δ13C 
values, indicating an overall upward increase in salinity of the paleo lake, as well as an increase 
in biological actively within this particular bed set.  
 The rest of the bed sets in the middle section of lake stage 3, G.R.9 through G.R.15, also 
contain a range of isotopic values similar to bed set G.R.8. The isotopic values of these bed sets 
plot within the heavier regions of δ18O and δ13C, indicating higher salinity conditions than the 
carbonate beds of lake stage 1 and 2.  The heaviest δ18O values throughout the whole Green 
River Formation are observed within this interval. G.R.12 contains the heaviest δ18O values, 
reaching -0.08‰ marking the most saline conditions observed in this study.  
 Following the saline conditions within the middle zone of lake stage 3, we observe an 
inflection of isotopic values with a dominant negative excursion from bed set G.R.14 to bed set 
G.R.22 near the top of the Park Canyon section (Figure 7.5). The upper zone of lake stage 3 
contains another period of high water inflow into the basin, marked by the large deltaic sand 
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bodies observed between bed set G.R.15 and G.R.16, as well as between bed set G.R.20 and 
G.R.21. The δ18O values of the carbonate beds observed throughout this interval range from -
2.22 to -1.01‰, indicating mesosaline to fresh paleo lake conditions.  
7.4.4 Lake Stage 4 (Rising Lake) 
 Progressing into lake stage 4 (Rising Lake), microbialite deposits become more sporadic 
and less dominant. Fine grained thrombolites (lithofacies H3) are the only microbialite 
lithofacies observed within this lake stage forming small isolated biohermal deposits surrounded 
by oil shale and quartzose-peloidal-intraclastic grainstones-rudstones (lithofacies D). The shift in 
δ18O values from -0.39‰ near the base of the Park Canyon section, to -2.27‰ near the top of the 
section is interpreted as an overall freshening of the paleo lake from the middle of lake stage 3, 
and into the rising lake of lake stage 4. δ13C isotopes show a less dramatic change in values, with 
an overall negative excursion from the bottom of the Park Canyon section to the top, +5.60 to 
+4.03‰, indicating less organic productivity in the lake margins. High organic productivity 
however, shifts to the center of the lake where profundal oil shale deposition takes place. As 
documented by Tänavsuu-Milkeviciene & Sarg, (2012), the lake margins during lake stage 4 
tend to be deeper and in fresher waters, due to the high hydrologic input, restricting microbialite 
growth and deposition.  
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Figure 7-5: Left: Complete section of the Green River Formation from the Long Point bed to the 
Mahogany zone. Lower section is modified after Tänavsuu-Milkeviciene et al.,, 2017; upper 
section is modified after Peacock 2017. Center: Isotopic profiles of both sections. Right: Pie 
charts representing percentage of microbialite lithofacies within each lake stage. Refer to Figures 





CHAPTER 8: CONCLUSIONS 
 Based on field observations at the White Face Butte and the Park Canyon outcrops in 
eastern Uinta basin, two dominant carbonate facies associations are recognized in a fluvio-
lacustrine filled basin. Facies association 1) lake-margin carbonates, consisting of six lithofacies 
that range in depositional environments from upper littoral to upper sublittoral: A) ostracod 
packstone-grainstone, B) bioclastic-quartzose packstone-grainstone, C) oolitic-peloidal 
packstone-grainstone, D) quartzose-peloidal-intraclastic grainstone-rudstone, E) intraclastic-
peloidal packstone-grainstone-rudstone, and F) quartzose wackestone.  
 The second facies association, lacustrine microbial carbonates, consists of two lithofacies 
that are based on mesostructures and microbial growth patterns. Lithofacies G) stromatolites, and 
lithofacies H) thrombolites. Stromatolites are then divided into six subfacies representing six 
dominant textural divisions: G1) fine grained stromatolite, G2) columnar stromatolite, G3) 
agglutinated stromatolite, G4) dendrolitic stromatolite, and G5) spheroidal/oncoidal stromatolite. 
Lithofacies H is also divided into three dominant subfacies: H1) arborescent thrombolite, H2) 
coarse grained thrombolite, and H3) fine grained thrombolite.  
 The different lithofacies of the microbial lacustrine facies association are interpreted to 
have been deposited in a range of environments from upper littoral to lower sublittoral; all within 
the photic zone which is essential for microbial growth. These depositional conditions are lower 
in energy than facies association 1, lake-margin carbonates, which tend to be more readily 
affected by wave and storm energies due to their shallower environments.  
 Two overall depositional and chemostratigraphic trends are observed at the White Face 
Butte and the Park Canyon outcrops, confirming hypothesis 1 of this study, which state: overall 
microbialite deposits reflect chemostratigraphic evolution of the paleo lake. The first trend 
observed at the White Face Butte outcrop shows an overall fining up-ward trend, where 
lithofacies transition from interbedded fluvio-deltaic sands, siltstones, and shale deposits near the 
base of the section; to carbonate microbialite dominated deposits near the top of the section.  
 The second trend is observed at the Park Canyon site, where an inverse relationship 
between microbialite buildup and section height is observed. Near the bottom of the section, 
medium to large sized microbialites are observed, which decrease in size and become more 
isolated and sporadic up the section. This change in microbialite megastructure corresponds with 
the shift in the dominant observed lithofacies; which become dominantly littoral to sublittoral 
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siltstones, shales, and oil shales, as well as profundal oil shales, marking a shift to a rising lake 
stage (S4).  
 Microbialite lithofacies within the Uinta basin are also observed to vary along section. 
The dominant microbialite lithofacies observed in the lower carbonate beds in lake stages 1 and 
2 of White Face Butte consist of high relief, small to medium sized domes and hemispheroids of 
lithofacies G1, G3, and G5. Large biostromal and biohermal microbialites that extend for 10s to 
100s of meters showing large laterally linked hemispheroids and domes, dominantly consisting 
of lithofacies G1, G3, G4, H1, and H2, tend be within the upper carbonate beds of the White 
Face Butte outcrop in the middle of lake stage 3. The upper parts of lake stage 3 is dominated by 
lithofacies G3, G4, and H3 forming isolated and sporadic microbialite build ups.  
 δ18O and δ13C stable isotope data analyzed from both outcrops show two dominant 
overall trends that are consistent with stratigraphic observations. The first trend is observed as a 
positive excursion of δ18O and δ13C from the base of White Face Butte to the top of the section. 
The positive δ18O trend is interpreted as an overall increase in paleo water salinity, allowing for 
microbialite growth to dominant the lake waters near the top of the section. Furthermore, the 
δ13C positive excursion is interpreted as an overall increase in biological productivity within the 
lake basin, as the microbialites increased in size and lateral extent up-section, enriching the 
sediment with 13C.  
 The second isotopic trend observed corresponds to the evolution of the stratigraphy at the 
Park Canyon site. An inflection point in the stable isotope data is observed near the base of the 
Park Canyon section, where δ18O and δ13C values show a dominant overall negative excursion 
up-section. This is interpreted as an overall freshening of the lake, corresponding to high paleo 
water inflow into the basin and an increase in oil shape deposits up-section.  
 Meter to several meter bed set scale deepening upward cycles were observed throughout 
the carbonate and microbialite beds of the Green River Formation confirming the second 
hypothesis of this study, which states: meter to several meter scale microbialite bed sets display 
distinct depositional trend. These deepening upward cycles were observed through the 
lithostratigraphic stacking patterns which show an overall upward increase in microbialite 
deposits and an overall decrease in lacustrine margin carbonates within each bed set.  
 Microbialites of the Green River Formation show a wide range of microbialite 
microtextures. Six dominant microbialite microtextures were identified and sampled for δ18O and 
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δ13C stable isotopes. No correlation between microbialite microtextures and δ18O and δ13C stable 
isotopes was observed, refuting the third and final hypothesis of this study, which states: 
millimeter to centimeter scale microbialite microtextures reflect changes in paleo lake water 
chemistry. However, the δ18O and δ13C stable isotope values of the suite of microtextures within 
each sample drilled reflected the overall bed set scale isotopic patterns, confirming once again a 
larger scale cyclicity within the microbialite beds indicating meter to several meter deepening 
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APPENDIX A: CARBONATE MEASURED SECTIONS 
 




Figure A- 2: Measured section L.P. (Long Point Bed). 
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Figure A- 3: Measured section G.R.1. 
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Figure A- 4: Measured section G.R.2. 
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Figure A- 6: Measured section G.R.4. 
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Figure A- 7: Measured section G.R.5 (1). 
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Figure A- 8: Measured section G.R.5 continued (2). 
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Figure A- 10: Measured section G.R.7. 
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Figure A- 11: Measured section G.R.8. 
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Figure A- 12: Measured section G.R.9. 
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Figure A- 13: Measured section G.R.10 (1). 
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Figure A- 14: Measured section G.R.10 continued (2). 
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Figure A- 15: Measured section G.R.11. 
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Figure A- 16: Measured section G.R.12. 
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Figure A- 17: Measured section G.R.13. 
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Figure A- 18: Measured section G.R.14. 
 117 
 
Figure A- 19: Measured section G.R.15+16.  
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Figure A- 20: Measured section G.R.17+18+19. 
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Figure A- 21: Measured section G.R.20+21+22+23.
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APPENDIX B: ISOTOPE DATA 
Table B- 1: Isotope data used for all stable isotope analyses in this study.  








Sample ID Lithofacies Subfacies
44 001 -1.83 -10.18 -11.44 x Calcite 0.0471 1 L.P.1 B -
44.5 003 -0.34 -7.02 -8.28 x dolomite 0.031 3 L.P.8.2 A -
78.5 005 3.35 -0.53 -1.80 x dolomite 0.046 5 G.R.1.3.2 E -
79 006 3.78 0.17 -1.10 x Dolomite 0.0175 6 G.R.1.4.1 E -
79.5 007 2.60 0.53 -0.75 x dolomite 0.0049 7 G.R.1.7.6 C -
119 008 -0.58 -2.34 -3.61 x Dolomite 0.005 8 G.R.2.1 D -
120 009 -1.50 -4.29 -5.56 x dolomite 9 G.R.2.2 D -
136.5 010 -0.08 -0.25 -1.53 x





x dolomite 0.016 13 G.R.4.6.6 G
Agglutinated 
Stromatolite
147.5 014 -2.76 -3.03 -4.30 x
dolomite 0.012 14 G.R.4.8.6.1 (Bottom) G
Agglutinated 
Stromatolite
148 015 -2.89 -2.28 -3.56 x
dolomite 0.0182 15 G.R.4.8.6.2 (Middle) G
Agglutinated 
Stromatolite
148.5 016 2.35 -0.67 -1.95 x
dolomite 0.0392 16 G.R.4.10.7 G
Fine Grained 
Stromatolite
152 017 -0.74 -1.93 -3.20 x
dolomite 0.037 17 G.R.5.1.1 G
Fine Grained 
Stromatolite
152 018 -0.01 -1.55 -2.82 x





x dolomite 0.0625 19 G.R.5.4.1 G
Arbrescent 
Thrombolite + Fine 
Grained Stromatolite
152.5 020 -3.46 -4.47 -5.74 x
dolomite 0.027 20 G.R.5.7.1 (Top) G
Arbrescent 
Thrombolite 
152.5 021 0.04 -1.48 -2.76 x dolomite 0.026 21 G.R.5.9.2.1 C -
152.5 022 -1.07 -2.37 -3.64 x
dolomite 0.02 22 G.R.5.9.2.2 G
Spheroidal/Oncoidal 
Stromatolite



















153 024 2.58 0.02 -1.26 x dolomite 0.0273 24 G.R.5.15.4 E -
153 025 0.07 0.01 -1.27 x
dolomite 0.022 25 G
Spheroidal/Oncoidal 
Stromatolite
153.5 026 2.46 0.53 -0.75 x dolomite 0.024 1 G.R.5.16.4/2 E -
153.5 029 -0.42 -1.13 -2.41 x













x dolomite 0.037 - G.R.5.25.8 G
Fine Grained 




x dolomite 0.047 - G.R.5.25.8 G
Fine Grained 




X dolomite 0.035 - G.R.5.25.8 G
Fine Grained 




x dolomite 0.025 - G.R.5.25.8 G
Fine Grained 




x dolomite 0.045 - G.R.5.25.8 G
Fine Grained 




x dolomite 0.032 - G.R.5.25.8 G
Fine Grained 
Stromatolite + Coarse 
Grained Thrombolite
154 032 -2.13 -1.07 -2.35 x
dolomite 0.056 7 G.R.5.29.10 G
Dendrolitic 
Stromatolite
184.5 034 2.72 -0.09 -1.36 x dolomite 0.013 9 G.R.7.1.1 D -
184.5 036 0.33 -0.76 -2.03 x
dolomite 0.018 11 G.R.7.4.1 G
Spheroidal/Oncoidal 
Stromatolite
185 037 -0.48 -0.79 -2.07 x
dolomite 0.017 12 G.R.7.6.3 G
Dendrolitic 
Stromatolite
185 040 0.71 -0.53 -1.81 x dolomite 0.014 15 G.R.7.10.4 E -
185.5 041 0.27 -0.44 -1.72 x
dolomite 0.01 16 G.R.7.11.4 G
Agglutinated 
Stromatolite
215.5 042 1.57 -0.11 -1.39 x dolomite 0.01 17 G.R.8.1.1 D -
215.5 046 -4.90 -4.76 -6.03 x















217 048 -0.52 -1.21 -2.49 x dolomite 0.018 23 G.R.8.12.5 E -





































x dolomite 0.0058 6 G.R.9.2.1 B -
225 058 4.16 -0.23 -1.50 x dolomite 0.008 8 G.R.9.5.2 E -
225 059
3.35 -0.77 -2.04
x dolomite 0.0078 9 G.R.9.6.3 G
Agglutinated 
Stromatolite



































x dolomite 0.018 21 G.R.10.13.6 G
Fine Grained 
Stromatolite
233 072 4.57 0.45 -0.82 x dolomite 0.04 22 G.R.10.14.6 E -
233.5 073
-1.08 -2.50 -3.77




























x dolomite 0.01 2 G.R.10.20.9 G Columnar Stromatolite
238.5 080
1.34 0.01 -1.27





x dolomite 0.022 6 G.R.11.8.3 G
Agglutinated 
Stromatolite
241 082 4.05 0.57 -0.70 x dolomite 0.016 7 G.R.11.14.6 E -
247 084
1.42 0.27 -1.01
x dolomite 0.018 9 G.R.12.2.2.2 C -
247.5 086
2.27 -0.46 -1.74
x dolomite 0.038 11 G.R.12.5.3 G Columnar Stromatolite







































































x dolomite 0.05 24 G.R.14.6.5 E -
53 100
4.63 1.05 -0.23
































x dolomite 0.087 6 G.R.20.1.1 G
Dendrolitic 
Stromatolite
107 108 4.25 -0.29 -1.56 x dolomite 0.02 8 G.R.20.4.3 D -
155 109
4.03 -1.00 -2.27
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G.R.8 HS-2-1 -3.28 -3.08 -4.35 x Dolomite 0.091
G.R.8 HS-2-2 -3.82 -3.72 -4.99 x Dolomite 0.089
G.R.8 HS-2-3 -3.15 -3.10 -4.37 x Dolomite 0.078
G.R.8 HS-2-4 -3.74 -3.58 -4.85 x Dolomite 0.079
G.R.8 HS-2-5 -3.57 -3.49 -4.76 x Dolomite 0.13
G.R.8 HS-2-6 -3.71 -4.56 -5.83 x Dolomite 0.049
G.R.8 HS-2-7 -4.09 -3.53 -4.80 x Dolomite 0.098






APPENDIX C: FIELD DATA 
Table C- 1: Field data compilation including carbonate bet set number, sample location, samples chosen for petrographic thin sections, 
samples chosen for stable isotope data analysis, interpreted lithofacies and subfacies, bed thickness, microbialite height and width, 



















































15 15 30 Biohermal; Tabular; Isolated ? Structureless




8 8 20 Biohermal; Stratiform; Tabular LLH-C
Clotted; 
Laminated
x x Claystone - 150 - - - -
D - 8 - - - - -




































10 8 4 Biostromal; Stratiform SH-C Laminated
x G.R.17.3 D - 20 - - - - -
Shale - 150 - - - - -
D - 9 - - - - -
Shale - 40 - - - - -











Biohermal; Stratiform with 
































x x G.R.15.1 G
Dendrolitic 
Stromatolite
25 25 40 Biohermal; Domed; Isolated SH-C
Clotted; 
Laminated













8 4 12 Biostromal; Tabular; Isolated SH-C Laminated
Shale - 4 - - - - -
E - 5 - - - - -




4 4 6 Biostromal; Tabular; Isolated SH-C Laminated




20 - - Biohermal; Stratiform ? Structureless
Shale - 9 - - - - -




10 3 8 Biostromal; Stratiform SH-C Laminated




3 3 4 Biostromal; Tabular; Isolated LLH-C; SH-C Laminated





















































12 12 40 Biohermal; Stratiform LLH-C
Clotted; 
Laminated
Siltstone - 48 - - - - -





Biostromal; Spherical with 
Irregular Linkages
SH-C Laminated





Biohermal; Spherical with 
Irregular Linkages
? Structureless





































x x x G
Fine Grained 
Stromatolite




25 10 50 Biostromal; Tabular LLH-C Laminated
x x x G
Dendrolitic 
Stromatolite
12 12 35 Biohermal; Tabular LLH-S
Clotted; 
Laminated
x x x G
Columnar 
Stromatolite








15 6 4 Biostromal; Tabular; Columnar SH-V 
x x x G
Columnar 
Stromatolite





Biostromal; Stratiform with 
Arched Top; Spherical with 
irregular Linkages





30 5 10 Spherical; Subspherical SS-R Spheroidal
x x D - 10 - - - - -
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x x E - 5 - - - - -







































5 1 1 Spherical; Subspherical - -
C - 8 - - - - -





5 2 2 Spherical; Subspherical VCC-V
Clotted; 
Laminated
x C - 15 - - - - -
F - 4 - - - - -
A - 6 - - - - -
x F - 37 - - - - -
F - 10 - - - - -
A - 2 - - - - -
F - 10 - - - - -
A - 2 - - - - -
F - 10 - - - - -
A - 2 - - - - -
F - 10 - - - - -
x A - 2 - - - - -






























Biostromal; Stratiform with 
Arched Top; Hemispheroidal
LLH-C Laminated






















Stratiform with Arched Top
LLH-C Laminated


























Biostromal; Stratiform with 
arched top
LLH-C Laminated
E - 11 - - - - -
A - 22 - - - - -
F - 9 - - - - -















2 2 12 Biohermal; Isolated Domes ? Structureless
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15 5 50 Biostromal; Stratiform LLH-S Clotted




6 6 10 Biostromal; Stratiform SH-C Laminated




6 2 12 Biohermal; Isolated Domes - -
x x E - 6 - - - - -
F - 2 - - - - -
E - 5 - - Biohermal; Isolated Domes SH-C Laminated
F - 2 - - - - -




Biostromal; Stratiform with 
arched top
LLH-C; LLH-S Laminated
x x G.R.9.2 E - 10 - - - - -





5 5 8 Spherical; Subspherical SS-R; SS-C Spheroidal
x x G.R.8.6 G
Dendrolitic 
Stromatolite





Biohermal; Stratiform with 
Arched Top
LLH-C Laminated
x x E - 8 - -
Biohermal; Stratiform with 
Arched Top
? Structureless
x x E - 5 - - - - -
x x x G
Dendrolitic 
Stromatolite
40 5-10 130 Biostromal; Aggregate domes LLH-C Clotted



















Spherical with Stratiform Base
SS-V Spheroidal









D - 4 - - - - -
x F - 10 - - - - -
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10 10 50 Biohermal; Stratiform LLH-C Laminated
x x G.R.7.3 G
Dendrolitic 
Stromatolite






















Biostromal; Stratiform with 
arched top
LLH-C Laminated



















x x G.R.5.10 G
Dendrolitic 
Stromatolite
9 9 18 Biostromal; Stratiform LLH-S Clotted
G.R.5.9 Shale - 15 - - - - -




Biohermal; Stratiform with 
arched top; Domed; 
Subpherical
Arborescent Clotted




Biostromal; Stratiform with 














Biostromal; Stratiform with 
arched top
LLH-C Laminated
F - 11 - -
x A - 9 - - - - -
x A - 4 - - - - -





6 - - -
x x E - 7 - - - - -
x E - 4 - - - - -




Biostromal; Stratiform with 
arched top; Domed;
LLH-S Laminated
C - 25 - -
C - 20 - -





18 14 8 Spherical; Subspherical SS-R; VCC-V Spheroidal
















































Biostromal; Stratiform with 
arched top; Domed; 
Subpherical
SH-C Laminated






















































15 1 1 Spherical SS-C Spheroidal










Biostromal; Stratiform with 
arched top
LLH-C Laminated


















2 0 0 Spherical - -




5 0 0 Spherical - -
G.R.3.2 E - 9 - - - - -
G.R.3.1 E - 9 - - - - -
S1 (Fresh Lake) x x G.R.2.2 D - 25 - - - - -
x x G.R.2.1 D - 5 - - - - -






















6 2 8 Biostromal; Aggregate domes LLH-S Laminated









7 7 4 Biostromal; Isolated Colmns SH-V Laminated
G.R.1.5 E - 18 - - - - -




2 2 8 Biostromal; Hemispheroids LLH-S Laminated
x x G.R.1.2 E - 15 - - - - -
x x G.R.1.1 E - 12 - - - - -
N39
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- x A - 5 - - - - -
- Shale - 5 - - - - -
- A - 5 - - - - -
- Shale - 5 - - - - -
- A - 5 - - - - -
- B - 5 - - - - -
- x L.P.3 A - 45 - - - - -
- x x L.P.2 B - 20 - - - - -





0 . ’ W1090 . ’
L.P.4
L.P.5
